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LEARNING OBJECTIVES

Understanding the concepts presented in this chapter will enable the student to:

1. Explain why large organisms require a circulatory system, while single-cell and small multi-
cellular organisms do not.

2. Describe the series and parallel arrangement of the cardiac chambers, pulmonary circula-
tion, and major organs of the systemic circulation.

3. Describe the pathways for the flow of blood through the heart chambers and large vessels
associated with the heart.

4. Describe, in general terms, the primary functions of the heart and vasculature.

5. Explain how the autonomic nerves and kidneys serve as a negative feedback system for
the control of arterial blood pressure.
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THE NEED FOR A CIRCULATORY
SYSTEM

All living cells require metabolic substrates
(e.g., oxygen, amino acids, glucose) and a
mechanism by which they can remove by-
products of metabolism (e.g., carbon dioxide,
lactic acid). Single-cell organisms exchange
these substances directly with their environ-
ment through diffusion and cellular transport
systems. In contrast, most cells of large organ-
isms have limited or no exchange capacity
with their environment because their cells are
not in contact with the outside environment.
Nevertheless, exchange with the outside envi-
ronment must occur for the cells to function.
To accomplish this necessary exchange, large
organisms have a sophisticated system of
blood vessels that transports metabolic sub-
stances between cells and blood, and between
blood and environment. The smallest of these
blood vessels, capillaries, are in close proxim-
ity to all cells in the body, thereby permitting
exchange to occur. For example, each cell in
skeletal muscle is surrounded by two or more
capillaries. This arrangement of capillaries
around cells ensures that exchange can occur
between blood and surrounding cells.

Exchange between blood and the outside
environment occurs in several different or-
gans: lungs, gastrointestinal tract, kidneys and
skin. As blood passes through the lungs, oxy-
gen and carbon dioxide are exchanged be-
tween the blood in the pulmonary capillaries
and the gases found within the lung alveoli.
Oxygen-enriched blood is then transported to
the organs where the oxygen diffuses from the
blood into the surrounding cells. At the same
time, carbon dioxide, a metabolic waste prod-
uct, diffuses from the tissue cells into the
blood and is transported to the lungs, where
exchange occurs between blood and alveolar
gases.

Blood passing through the intestine picks
up glucose, amino acids, fatty acids, and other
ingested substances that have been trans-
ported from the intestinal lumen into the
blood in the intestinal wall by the cells lining
the intestine. The blood then delivers these
substances to organs such as the liver for ad-
ditional metabolic processing and to cells

throughout the body as an energy source.
Some of the waste products of these cells are
taken up by the blood and transported to
other organs for metabolic processing and fi-
nal elimination through either the gastroin-
testinal tract or the kidneys.

Cells require a proper balance of water and
electrolytes (e.g., sodium, potassium, and cal-
cium) to function. The circulation transports
ingested water and electrolytes from the in-
testine to cells throughout the body, including
those of the kidneys, where excessive amounts
of water and electrolytes can be eliminated in
the urine.

The skin also serves as a site for exchange
of water and electrolytes (through sweating),
and for exchange of heat, which is a major by-
product of cellular metabolism that must be
removed from the body. Increasing blood flow
through the skin enhances heat loss from the
body, while decreasing blood flow diminishes
heat loss.

In summary, the ultimate purpose for the
cardiovascular system is to facilitate exchange
of gases, fluid, electrolytes, large molecules
and heat between cells and the outside envi-
ronment. The heart and vasculature ensure
that adequate blood flow is delivered to or-
gans so that this exchange can take place.

THE ARRANGEMENT OF THE
CARDIOVASCULAR SYSTEM

The cardiovascular system has two primary
components: the heart and blood vessels. A
third component, the lymphatic system, does
not contain blood, but nonetheless serves an
important exchange function in conjunction
with blood vessels.

The heart can be viewed functionally as two
pumps with the pulmonary and systemic circu-
lations situated between the two pumps (Fig.
1-1). The pulmonary circulation is the blood
flow within the lungs that is involved in the ex-
change of gases between the blood and alveoli.
The systemic circulation is comprised of all
the blood vessels within and outside of organs
excluding the lungs. The right side of the heart
comprises the right atrium and the right ventri-
cle. The right atrium receives venous blood
from the systemic circulation and the right
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FIGURE 1-1 Overview of the cardiovascular system. The right side of the heart, pulmonary circulation, left side of the
heart, and systemic circulation are arranged in series. RA, right atrium; RV, right ventricle; PA, pulmonary artery; Ao,

aorta; LA, left atrium; LV, left ventricle.

ventricle pumps it into the pulmonary circula-
tion where oxygen and carbon dioxide are ex-
changed between the blood and alveolar gases.
The left side of the heart comprises the left
atrium and the left ventricle. The blood leaving
the lungs enters the left atrium by way of the
pulmonary veins. Blood then flows from the
left atrium into the left ventricle. The left ven-
tricle ejects the blood into the aorta, which
then distributes the blood to all the organs via
the arterial system. Within the organs, the vas-
culature branches into smaller and smaller ves-
sels, eventually forming capillaries, which are
the primary site of exchange. Blood flow from
the capillaries enters veins, which return blood
flow to the right atrium via large systemic veins
(the superior and inferior vena cava).

As blood flows through organs, some of the
fluid, along with electrolytes and small
amounts of protein, leaves the circulation and
enters the tissue interstitium (a process
termed fluid filtration). The lymphatic ves-
sels, which are closely associated with small
blood vessels within the tissue, collect the ex-
cess fluid that filters from the vasculature and
transport it back into the venous circulation by
way of lymphatic ducts that empty into large
veins (subclavian veins) above the right atrium.

It is important to note the overall arrange-
ment of the cardiovascular system. First, the
right and left sides of the heart, which are sep-
arated by the pulmonary and systemic circula-

tions, are in series with each other (see Fig.
1-1). Therefore, all of the blood that is pumped
from the right ventricle enters into the pul-
monary circulation and then into the left side of
the heart from where it is pumped into the sys-
temic circulation before returning to the heart.
This in-series relationship of the two sides of
the heart and the pulmonary and systemic cir-
culations requires that the output (volume of
blood ejected per unit time) of each side of the
heart closely matches the output of the other so
that there are no major blood volume shifts be-
tween the pulmonary and systemic circulations.
Second, most of the major organ systems of the
body receive their blood from the aorta, and
the blood leaving these organs enters into the
venous system (superior and inferior vena cava)
that returns the blood to the heart. Therefore,
the circulations of most major organ systems
are in parallel as shown in Figure 1-2. One
major exception is the liver, which receives a
large fraction of its blood supply from the ve-
nous circulation of the intestinal tract that
drains into the hepatic portal system to supply
the liver. The liver also receives blood from the
aorta via the hepatic artery. Therefore, most of
the liver circulation is in series with the intesti-
nal circulation, while some of the liver circula-
tion is in parallel with the intestinal circulation.

This parallel arrangement has significant
hemodynamic implications as described in
Chapter 5. Briefly, the parallel arrangement of
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FIGURE 1-2 Parallel arrangement of organs within the
body. One major exception is the hepatic (liver) circula-
tion, which is both in series with the gastrointestinal cir-
culation (G/) by the hepatic portal circulation and in par-
allel by the hepatic artery, which supplies part of the
hepatic circulation. SVC, superior vena cava; IVC, infe-
rior vena cava.

major vascular beds prevents blood flow
changes in one organ from significantly affect-
ing blood flow in other organs. In contrast,
when vascular beds are in series, blood flow
changes in one vascular bed significantly alters
blood flow to the other vascular bed.

THE FUNCTIONS OF THE HEART
AND BLOOD VESSELS

Heart

The heart sometimes is thought of as an organ
that pumps blood through the organs of the
body. While this is true, it is more accurate to

view the heart as a pump that receives blood
from venous blood vessels at a low pressure,
imparts energy to the blood (raises it to a
higher pressure) by contracting around the
blood within the cardiac chambers, and then
ejects the blood into the arterial blood vessels.

It is important to understand that organ
blood flow is not driven by the output of the
heart per se, but rather by the pressure gen-
erated within the arterial system as the heart
pumps blood into the vasculature, which
serves as a resistance network. Organ blood
flow is determined by the arterial pressure mi-
nus the venous pressure, divided by the vascu-
lar resistance of the organ (see Chapters 5 and
7). Pressures in the cardiovascular system are
expressed in millimeters of mercury (mm Hg)
above atmospheric pressure. One millimeter
of mercury is the pressure exerted by a 1-mm
vertical column of mercury (1 mm Hg is the
equivalent of 1.36 cm H,O hydrostatic pres-
sure). Vascular resistance is determined by the
size of blood vessels, the arrangement of the
vascular network, and the viscosity of the
blood flowing within the vasculature.

The right atrium receives systemic venous
blood (venous return) at very low pressures
(near 0 mm Hg) (Fig. 1-3). This venous return
then passes through the right atrium and fills
the right ventricle; atrial contraction also con-
tributes to the ventricular filling. Right ven-
tricular contraction ejects blood from the
right ventricle into the pulmonary artery. This
generates a maximal pressure (systolic pres-
sure) that ranges from 20 to 30 mm Hg within
the pulmonary artery. As the blood passes
through the pulmonary circulation, the blood
pressure falls to about 10 mm Hg. The left
atrium receives the pulmonary venous blood,
which then flows passively into the left ventri-
cle; atrial contraction provides a small amount
of additional filling of the left ventricle. As the
left ventricle contracts and ejects blood into
the systemic arterial system, a relatively high
pressure is generated (100-140 mm Hg maxi-
mal or systolic pressure). Therefore, the left
ventricle is a high-pressure pump, in contrast
to the right ventricle, which is a low-pressure
pump. Details of the pumping action of the
heart are found in Chapter 4.
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FIGURE 1-3 Blood flow within the heart. Venous blood
returns to the right atrium (RA) via the superior (SVC)
and inferior vena cava (/VC). Blood passes from the RA
into the right ventricle (RV), which ejects the blood into
the pulmonary artery (PA). After passing through the
lungs, the blood flows into the left atrium (LA) and then
fills the left ventricle (LV), which ejects the blood into
the aorta (A) for distribution to the different organs of
the body.

The pumping activity of the heart is usually
expressed in terms of its cardiac output, which
is the amount of blood ejected with each con-
traction (i.e., stroke volume) multiplied by the
heart rate. Any factor that alters heart rate or
stroke volume will alter the cardiac output.
The heart rate is determined by groups of
cells within the heart that act as electrical
pacemakers, and their activity is increased or
decreased by autonomic nerves and hormones
(see Chapter 2). The action potentials gener-
ated by these pacemaker cells are conducted
throughout the heart and trigger contraction
of cardiac myocytes (see Chapter 3). This re-
sults in ventricular contraction and ejection of
blood. The force of ventricular contraction,
and therefore stroke volume, is regulated by
mechanisms intrinsic to the heart, by auto-
nomic nerves and hormones (see Chapters 3,
4, and 6).

In recent years, we have learned that the
heart has other important functions besides
pumping blood. The heart synthesizes several

hormones. One of these hormones, atrial na-
triuretic peptide, plays an important role in
the regulation of blood volume and blood
pressure (see Chapter 6). Receptors associ-
ated with the heart also play a role in regulat-
ing the release of antidiuretic hormone from
the posterior pituitary, which regulates water

loss by the kidneys.

Vascular System

Blood vessels constrict and dilate to regulate
arterial blood pressure, alter blood flow
within organs, regulate capillary blood pres-
sure, and distribute blood volume within the
body. Changes in vascular diameters are
brought about by activation of vascular
smooth muscle within the vascular wall by au-
tonomic nerves, metabolic and biochemical
signals from outside of the blood vessel, and
vasoactive substances released by cells that
line the blood vessels (i.e., the vascular en-
dothelium; see Chapters 3, 5, and 6).

Blood vessels have another function be-
sides distribution of blood flow and exchange.
The endothelial lining of blood vessels pro-
duces several substances (e.g., nitric oxide
[NO], endothelin-1 [ET-1], and prostacyclin
[PGL,]) that modulate cardiac and vascular
function, hemostasis (blood clotting), and in-
flammatory responses (see Chapter 3).

Interdependence of Circulatory
and Organ Function

Cardiovascular function is closely linked to
the function of other organs. For example, the
brain not only receives blood flow to support
its metabolism, but it also acts as a control
center for regulating cardiovascular function.
A second example of the interdependence be-
tween organ function and the circulation is
the kidney. The kidneys excrete varying
amounts of sodium, water, and other mole-
cules to maintain fluid and electrolyte homeo-
stasis. Blood passing through the kidneys is
filtered and the kidneys then modify the com-
position of the filtrate to form urine. Reduced
blood flow to the kidneys can have detrimen-
tal effects on kidney function and therefore on
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fluid and electrolyte balance in the body.
Furthermore, renal dysfunction can lead to
large increases in blood volume, which can
precipitate cardiovascular changes that some-
times lead to hypertension or exacerbate heart
failure. In summary, organ function is depen-
dent on the circulation of blood, and cardio-
vascular function is dependent on the func-
tion of organs.

THE REGULATION OF CARDIAC
AND VASCULAR FUNCTION

The cardiovascular system must be able to
adapt to changing conditions and demands of
the body. For example, when a person exer-
cises, increased metabolic activity of contract-
ing skeletal muscle requires large increases in
nutrient supply (particularly oxygen) and en-
hanced removal of metabolic by-products
(e.g., carbon dioxide, lactic acid). To meet this
demand, blood vessels within the exercising
muscle dilate to increase blood flow; however,
blood flow can only be increased if the arterial
pressure is maintained. Arterial pressure is
maintained by increasing cardiac output and
by constricting blood vessels in other organs
of the body (see Chapter 9). If these changes
were not to occur, arterial blood pressure
would fall precipitously during exercise,
thereby limiting organ perfusion and exercise
capacity. Therefore, a coordinated cardiovas-
cular response is required to permit increased
muscle blood flow while a person exercises.
Another example of adaptation occurs when a
person stands up. Gravitational forces cause
blood to pool in the legs when a person as-
sumes an upright body posture (see Chapter
5). In the absence of regulatory mechanisms,
this pooling will lead to a fall in cardiac output
and arterial pressure, which can cause a per-
son to faint because of reduced blood flow to
the brain. To prevent this from happening, co-
ordinated reflex responses increase heart rate
and constrict blood vessels to maintain a nor-
mal arterial blood pressure when a person
stands.

It is important to control arterial blood
pressure because it provides the driving force
for organ perfusion. As described in Chapter

6, neural and hormonal (neurohumoral)
mechanisms regulating cardiovascular func-
tion are under the control of pressure sensors
located in arteries and veins (i.e., barorecep-
tors). These baroreceptors, through their
afferent neural connections to the brain,
provide the central nervous system with in-
formation regarding the status of blood pres-
sure in the body. A decrease in arterial pres-
sure from its normal operating point elicits
a rapid baroreceptor reflex that stimulates
the heart to increase cardiac output and
constricts blood vessels to restore arterial
pressure (a negative feedback control
mechanism) (Fig. 1-4). These cardiovascular
adjustments occur through rapid changes in
autonomic nerve activity (particularly
through sympathetic nerves) to the heart and
vasculature.

In addition to altering autonomic nerve ac-
tivity, a fall in arterial pressure stimulates the
release of hormones that help to restore ar-
terial pressure by acting on the heart and
blood vessels; they also increase arterial pres-
sure by increasing blood volume through their
actions on renal function. In contrast to the
rapidly acting autonomic mechanisms, hor-
monal mechanisms acting on the kidneys re-
quire hours or days to achieve their full effect

o VAP 7 }
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FIGURE 1-4 Feedback control of arterial pressure (AP) by
the autonomic nervous system (ANS) and kidneys. A
sudden fall in AP elicits a rapid baroreceptor reflex that
activates the ANS to stimulate the heart (increasing car-
diac output) and constrict blood vessels to restore AP.
The kidneys respond to decreased AP by retaining Na*
and water to increase blood volume, which helps to re-
store AP. The (+) indicates the restoration of arterial
pressure following the initial fall in pressure (i.e., a neg-
ative feedback response).
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on blood volume. Hormonal mechanisms in-
clude secretion of catecholamines (chiefly ep-
inephrine) by the adrenal glands, release of
renin by the kidneys, which triggers the for-
mation of angiotensin II and aldosterone, and
release of antidiuretic hormone (vasopressin)
by the posterior pituitary. Hormones such as
angiotensin II, aldosterone, and vasopressin
are particularly important because they act on
the kidneys to increase blood volume, which
increases cardiac output and arterial pressure.
In summary, baroreceptor reflexes are rapid,
short-acting mechanisms in contrast to hor-
mones that are slow, long-acting mechanisms
that the body uses for achieving blood pres-
sure control.

Autonomic nerves and hormones affect
the heart and vasculature by acting through
receptor-coupled, signal transduction mecha-
nisms (see Chapter 3). For example, sympa-
thetic autonomic nerves innervating the heart
and blood vessels release a neurotransmitter
(norepinephrine) that binds to specific recep-
tors located on the cell membrane of the car-
diac myocyte or vascular smooth muscle cell.
This causes the activation of biochemical
pathways within the cell that increases the
force of contraction of cardiac myocytes and
vascular smooth muscle cells. Hormones such
as angiotensin II and vasopressin also bind to
specific cell receptors, which activate intracel-
lular mechanisms to produce contraction of
vascular smooth muscle cells.

In summary, arterial pressure is monitored
by the body and ordinarily is maintained
within narrow limits by negative feedback
mechanisms that adjust cardiac function, sys-
temic vascular resistance and blood volume.
This control is accomplished by changes in au-
tonomic nerve activity to the heart and vascu-
lature, as well as by changes in circulating hor-
mones that influence cardiac, vascular and
renal function.

THE CONTENT OF THE FOLLOWING
CHAPTERS

This textbook emphasizes our current knowl-
edge of cellular physiology as well as the clas-
sical biophysical concepts that have been used

for decades to describe cardiac and vascular
function. Chapter 2 describes the electrical
activity within the heart, both at the cellular
and whole organ level. Chapter 3 builds a
foundation of cellular physiology by empha-
sizing intracellular mechanisms that regulate
cardiac and vascular smooth muscle contrac-
tion. These cellular concepts are reinforced
repeatedly in subsequent chapters. Chapter 4
examines cardiac mechanical function.
Chapter 5 summarizes concepts of vascular
function and the biophysics of blood flow in
the context of regulation of arterial and ve-
nous blood pressures. Neurohumoral mecha-
nisms regulating cardiac and vascular function
are described in Chapter 6. Chapter 7 de-
scribes the flow of blood within different or-
gans, with an emphasis on local regulatory
mechanisms. Chapter 8 addresses the primary
function of the cardiovascular system, that is,
the exchange of nutrients, gases, and fluid be-
tween the blood and tissues. Finally, Chapter
9 integrates concepts described in earlier
chapters by examining how the cardiovascular
system responds to altered demands and dis-
ease states.

SUMMARY OF IMPORTANT
CONCEPTS

e Large organisms require a circulatory Sys-
tem so that metabolic substrates and by-
products of cellular metabolism can be ef-
ficiently exchanged between cells and the
outside environment, as well as transported
to distant sites within the body.

* The cardiovascular system is comprised
primarily of the heart and blood vessels.
Blood returning to the heart via the ve-
nous circulation flows into the right
atrium and then into the right ventricle.
Contraction of the right ventricle pumps
the blood into the pulmonary circulation
where oxygen and carbon dioxide are ex-
changed with the gases found within the
lung alveoli. Oxygenated blood from the
lungs enters into the left atrium, then into
the left ventricle, which pumps the blood
into the aorta for distribution to various
organs via large distributing arteries.
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Smaller blood vessels within the organs
(primarily capillaries) serve as the primary
site of nutrient exchange. Blood leaves the
organs and returns to the heart via the ve-
nous circulation.

The venous circulation, the right atrium
and ventricle, the pulmonary circulation
and the left atrium have relatively low
blood pressures. Contraction of the left
ventricle and ejection of blood into the
aorta generate relatively high blood pres-
sures within the left ventricle and arterial
system.

Most major organ systems are in parallel
with each other so that blood flow in one
organ has relatively little influence on
blood flow in another organ. In contrast,
the pulmonary and systemic circulations
are in series; therefore, altering blood flow
and blood volume in one of these circula-
tions alters the flow and volume in the
other.

Blood flow within organs is determined pri-
marily by the arterial pressure (generated
by the pumping action of the heart against
a systemic vascular resistance), and by
changes in the diameters of blood vessels
within the organs brought about by con-
traction or relaxation of smooth muscle
within the walls of the blood vessels.
Autonomic nerves and circulating hor-
mones regulate cardiac, vascular and renal
function to ensure that arterial pressure is
adequate for organ perfusion.
Baroreceptors continuously monitor arte-
rial pressure and adjust the activity of auto-
nomic nerves to maintain arterial pressure
within narrow limits.

Review Questions

Please refer to the appendix for the answers
to the review questions.

For each question, choose the one best
answer:

1. The cardiovascular system

a. Aids in the transfer of heat energy
from organs deep within the body to
the outside environment.

b. Is comprised of pulmonary and sys-
temic circulations that are in parallel
with each other.

c. Transports carbon dioxide from the
lungs to tissues within organs.

d. Transports oxygen from individual
cells to the lungs.

2. Which of the following statements con-
cerning the heart is true?

a. The right ventricle receives blood
from the pulmonary veins.

b. The right ventricle generates higher
pressures than the left ventricle dur-
ing contraction.

c. The right and left ventricles are in
parallel.

d. Cardiac output is the product of
ventricular stroke volume and heart
rate.

3. Arterial pressure decreases when
a. A person stands up.
b. Blood volume increases.
c¢. Cardiac output increases.
d. Plasma concentrations of an-
giotensin II and aldosterone are ele-
vated.
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LEARNING OBJECTIVES

Understanding the concepts presented in this chapter will enable the student to:

1.

Define and discuss the following terms as they relate to the heart:

resting membrane potential

. depolarization and repolarization

threshold potential

. action potential

pacemaker potential

automaticity

. effective refractory period

. arrhythmias

. Calculate the Nernst equilibrium potential for sodium, potassium, and calcium ions given
their intracellular and extracellular concentrations.

. Describe how changing the concentrations of sodium, potassium, and calcium ions inside
and outside the cell affect the resting membrane potential in cardiac cells.

. Explain why the resting potential is near the equilibrium potential for potassium and the
peak of an action potential approaches the equilibrium potential for sodium.

. Describe how the sarcolemmal Na‘/K*-adenosine triphosphatase (ATPase) affects the gen-
eration and maintenance of cardiac membrane potentials.

. Describe the mechanisms that maintain calcium gradients across the cardiac cell mem-
brane.

. Describe how activation and inactivation gates regulate sodium movement through fast

sodium channels.
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8. Contrast cardiac action potentials with those found in nerve and skeletal muscle cells.
9. Contrast the shape, phases, and ionic currents of nonpacemaker and pacemaker (e.g.,

sinoatrial [SA] node) action potentials.

10. Describe the ionic currents responsible for phase 4, spontaneous depolarization in SA
nodal pacemaker cells.

11. Describe how autonomic nerves, circulating catecholamines, extracellular potassium con-
centrations, thyroid hormone, and hypoxia alter pacemaker activity.

12. Describe how the effective refractory period serves as a protective mechanism in the
heart.

13. Describe the role of afterdepolarizations in the generation of tachycardias.

14. Describe the normal pathways for action potential conduction within the heart.

15. Describe the effects of autonomic nerves, circulating catecholamines, cellular hypoxia,
and sodium-channel-blocking drugs on conduction velocity within the heart.

16. Describe what each of the following electrocardiogram (ECG) components represents:
a. P wave
b. P-R interval
¢. QRS complex
d. ST segment
e. Q-T interval

17. Recognize the following from an ECG rhythm strip:
a. normal sinus rhythm
b. sinus bradycardia and tachycardia
c. atrial flutter and fibrillation
d. atrioventricular (AV) nodal blocks: first, second and third degree
e. premature ventricular complex
f. ventricular tachycardia and fibrillation

18. Describe the location for placement of electrodes for each of the following leads: I, II, III,
aVg, aV, and aV,, and precordial V,-V;.

19. Draw the axial reference system and show the position (in degrees) for the positive
electrode for each of the six limb leads.

20. List the rules for determining the direction of a vector of depolarization and repolariza-
tion relative to a given ECG lead.

21. Describe, in terms of vectors, how the QRS complex is generated and why the QRS ap-
pears differently when recorded by different electrode leads.

22. Estimate the mean electrical axis for ventricular depolarization from the six limb leads.

23. Describe some changes that can occur in the ECG during cardiac ischemia or hypoxia.

INTRODUCTION of the heart is measured using the electrocar-

The primary function of cardiac myocytes is to
contract. Electrical changes within the myo-
cytes initiate this contraction. This chapter
examines (1) the electrical activity of individ-
ual myocytes, including resting membrane po-
tentials and action potentials; (2) the way ac-
tion potentials are conducted throughout the
heart to initiate coordinated contraction of the
entire heart; and (3) the way electrical activity

diogram (ECG).

CELL MEMBRANE POTENTIALS

Resting Membrane Potentials

Cardiac cells, like all living cells in the body,
have an electrical potential across the cell
membrane. This potential can be measured
by inserting a microelectrode into the cell and
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TABLE 2-1 ION CONCENTRATIONS" INSIDE AND OUTSIDE OF RESTING

MYOCYTES
ION INSIDE (mM) OUTSIDE (mM)
Na* 20 145
K* 150 4
Ca** 0.0001 2.5
cr 25 140

"These concentrations are approximations and are used to illustrate the concepts of chemical gradients and mem-
brane potential. In reality, the free (unbound or ionized) ion concentration and the chemical activity of the ion

should be used when evaluating electrochemical gradients.

measuring the electrical potential in millivolts
(mV) inside the cell relative to the outside of
the cell. By convention, the outside of the cell
is considered 0 mV. If measurements are
taken with a resting ventricular myocyte, a
membrane potential of about -90 mV will be
recorded. This resting membrane poten-
tial (Em) is determined by the concentrations
of positively and negatively charged ions
across the cell membrane, the relative perme-
ability of the cell membrane to these ions, and
the ionic pumps that transport ions across the
cell membrane.

Equilibrium Potentials

Of the many different ions present inside and
outside of cells, the concentrations of Na®,
K*, Cl7, and Ca** are most important in de-
termining the membrane potential across the
cell membrane. Table 2-1 shows typical con-
centrations of these ions. Of the four ions, K*
is the most important in determining the rest-
ing membrane potential. In a cardiac cell, the
concentration of K* is high inside and low
outside the cell. Therefore, a chemical gra-
dient (concentration difference) exists for K*
to diffuse out of the cell (Fig. 2-1). The oppo-
site situation is found for Na*; its chemical
gradient favors an inward diffusion. The con-
centration differences across the cell mem-
brane for these and other ions are determined
by the activity of energy-dependent ionic
pumps and the presence of impermeable,
negatively charged proteins within the cell
that affect the passive distribution of cations
and anions.

Myocyte

K+
(4 mM)

Nat
(145 mM)

FIGURE 2-1 Concentrations of Na* and K* inside and
outside a cardiac myocyte.

To understand how concentration gradi-
ents of ions across a cell membrane affect
membrane potential, consider a cell in which
K* is the only ion across the membrane other
than the large negatively charged proteins on
the inside of the cell. In this cell, K* diffuses
down its chemical gradient and out of the cell
because its concentration is much higher in-
side than outside the cell (see Fig. 2-1). As K*
diffuses out of the cell, it leaves behind nega-
tively charged proteins, thereby creating a
separation of charge and a potential differ-
ence across the membrane (leaving it negative
inside the cell). The membrane potential that
is necessary to oppose the movement of K*
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down its concentration gradient is termed the
equilibrium potential for K* (E; Nernst
potential). The Nernst potential for K* at
37°C is as follows:

K1, _
K1, 96 mV

Eq.2-1 E, = —61log
in which the potassium concentration inside
[K*], = 150 mM and the potassium concen-
tration outside [K*], = 4 mM. The —61 is de-
rived from RT/zF, in which R is the gas con-
stant, z is the number of ion charges (z = 1 for
K*; z = 2 for divalent ions such as Ca*"), F is
Faraday’s constant, and T is temperature (°K).
The equilibrium potential is the potential dif-
ference across the membrane required to
maintain the concentration gmdient across
the membrane. In other words, the equilib-
rium potential for K* represents the electrical
potential necessary to keep K* from diffusing
down its chemical gradient and out of the cell.
If the outside K* concentration increased
from 4 to 10 mM, the chemical gradient for
diffusion out of the cell would be reduced;
therefore, the membrane potential required
to maintain electrochemical equilibrium
would be less negative according to the
Nernst relationship.

The Em for a ventricular myocyte is about
—-90 mV, which is near the equilibrium poten-
tial for K*. Because the equilibrium potential
for K* is —96 mV and the resting membrane
potential is ~90 mV, a net driving force (net
electrochemical force) acts on the K*, caus-
ing it to diffuse out of the cell. In the case of
K*, this net electrochemical driving force is
the Em (-90 mV) minus the E¢ (<96 mV), re-
sulting in +6 mV. Because the resting cell has
a finite permeability to K* and a small net out-
ward driving force is acting on K*, K* slowly
leaks outward from the cell.

The sodium ions also play a major role in
determining the membrane potential.
Because the Na* concentration is higher out-
side the cell, this ion would diffuse down its
chemical gradient into the cell. To prevent
this inward flux of Na*, a large positive charge
is needed inside the cell (relative to the out-
side) to balance out the chemical diffusion
forces. This potential is called the equilib-

rium potential for Na* (Ey,) and is calcu-
lated using the Nernst equation, as follows:

Na*l,
Eq.2-2 E. = —61 log [[NaL]] = +52 mV

in which the sodium concentration inside
[Na+], = 20 mM and the sodium concentra-
tion outside [Na+], = 145 mM. The calcu-
lated equilibrium potential for sodium indi-
cates that to balance the inward diffusion of
Na® at these intracellular and extracellular
concentrations, the cell interior has to be +52
mV to prevent Na® from diffusing into the
cell.

The net driving or electrochemical force
acting on sodium (and each ionic species) has
two components. First, the sodium concentra-
tion gradient is driving sodium into the cell;
according to the Nernst calculation, the elec-
trical force necessary to counterbalance this
chemical gradient is +52 mV. Second, be-
cause the interior of the resting cell is very
negative (-90 mV), a large electrical force is
trying to “pull” sodium into the cell. We can
derive the net electrochemical force acting on
sodium from these two component forces by
subtracting the Em minus Ey,: ~90 mV minus
+52 mV equals —142 mV. This large electro-
chemical force drives sodium into the cell;
however, at rest, the permeability of the mem-
brane to Na' is so low that only a small
amount of Na* leaks into the cell.

Ionic Conductances

As explained, the Em in a resting, nonpace-
maker cell is very near Ey. This agreement oc-
curs because the membrane is much more per-
meable to K* in the resting state than to other
ions such as Na* or Ca**. The membrane po-
tential reflects not only the concentration gra-
dients of individual ions (i.e., the equilibrium
potentials), but also the relative permeability of
the membrane to those ions. If the membrane
has a higher permeability to one ion over the
others, that ion will have a greater influence in
determining the membrane potential.

If the membrane is viewed as a set of par-
allel electrical circuits (Fig. 2-2), with each ion
represented as a voltage source (equilibrium
potential, Ey) in series with a variable resis-
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FIGURE 2-2 Resistance model for membrane potential (Em). The voltage sources represent the equilibrium potentials
(Ey) for potassium (K*), sodium (Na™*), calcium (Ca**), and chloride (C/-) ions. The resistors represent the membrane

resistances to the ions. Resistance equals the reciprocal of the ion conductances (i.e.,

tance (the inverse of which is conductance),
the ion conductance (gX) and its equilibrium
potential will contribute to the overall mem-
brane potential. We can represent this model
mathematically as follows:

Eq. 2-3
Em =
gK* (EQ) + gNa* (Ena) + gCa** (Ec,) + gCl™ (Eo)
gK* + gNa* + gCa** + gCl~

If the equilibrium potential for each ion
remains unchanged (i.e., the concentration
gradient does not change), then the current
flow for each ion will vary as the conductance
changes. This variance is a function of mem-
brane permeability for that ion. Permeability
and conductance refer to the ease of move-
ment of solutes across membranes (see Ion
Permeability and Conductance on CD). If
potassium conductance (gK*) is finite and all
other conductances are zero, the membrane
potential will equal the equilibrium potential
for potassium (approximately -96 mV).
However, if sodium conductance (gNa™) is fi-
nite and all other conductances are zero,
then the membrane potential will be the
equilibrium potential for sodium (approxi-
mately +52 mV). According to Equation 2-3,
if gK* and gNa™ are equal and the other ion
conductances are zero, the membrane poten-
tial would lie between the two equilibrium
potentials.

The earlier model and equation showed
that the membrane potential depends on both

1/gX).

the equilibrium potential of the different ions
and their conductances. Equation 2-4 simpli-
fies Equation 2-3 by expressing each ion con-
ductance as a relative conductance (g'X). This
is the conductance of a single ion divided by
the total conductance for all of the ions [e.g.,
g'K* = gK*/(gK* + gNa* + gCa** + gCl)].

Eq. 2-4
Em = g’K* (E,) + g’Na* (Ey.)
+ g’Ca*t (Ec.) + 9’Cl- (Ec)

In Equation 2-4, the membrane potential is the
sum of the individual equilibrium potentials,
each multiplied by the relative membrane con-
ductance for that particular ion. If the equilib-
rium potential values for K*, Na*, Ca*™* and
CI are calculated by incorporating the concen-
trations found in Table 2-1 in Equation 2-4, this
equation can be depicted as follows:

Eq. 2-5
Em = g’K* (—96mV) + g’Na* (+50mV)
+ g’Ca** (+134mV) + g’Cl- (—46mV)

In a cardiac cell, the individual ion concen-
tration gradients change very little, even when
Na* enters and K* leaves the cell during de-
polarization. Therefore, changes in Em pri-
marily result from changes in ionic conduc-
tances. The resting membrane potential is near
the equilibrium potential for K* because g’K*
is high relative to all of the other ionic conduc-
tances in the resting cell. Therefore, the low
relative conductances of Na*, Ca™*, and Cl-,
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multiplied by their equilibrium potential val-
ues, causes those ions to contribute little to the
resting membrane potential. When g’Na™* in-
creases and g’K* decreases (as occurs during
an action potential), the membrane potential
becomes more positive (depolarized) because
the sodium equilibrium potential has more in-
fluence on the overall membrane potential.

In Equation 2-4, ion concentrations (which
determine the equilibrium potential) and ion
conductances are separate variables. In real-
ity, the conductance of some ion channels is
influenced by the concentration of the ion
(e.g., K*-sensitive K<*-channels) or the
changes in membrane potential (e.g., voltage-
dependent Na*, K*, and Ca** ion channels).
For example, a decrease in external K* con-
centration (e.g., from 4 to 3 mM) can decrease
gK* in some cardiac cells and lead to a small
depolarization (less negative potential) instead
of the hyperpolarization (more negative po-
tential) predicted by the Nernst relationship
or Equation 2-4. In some cells, small increases
in external K* concentration (e.g., from a nor-
mal concentration of 4 mM to 6 mM) can
cause a small hyperpolarization owing to acti-
vation of K*-channels and an increase in gK*.

Maintenance of lonic Gradients

Membrane potential depends on the mainte-
nance of ionic concentration gradients across
the membrane. The maintenance of these
concentration gradients requires the expendi-
ture of energy (adenosine triphosphate [ATP]
hydrolysis) coupled with ionic pumps.
Consider the concentration gradients for Na*
and K*. Na* constantly leaks into the resting
cell, and K* leaks out. Moreover, whenever an
action potential is generated, additional Na*
enters the cell and additional K leaves.
Although the number of ions moving across
the sarcolemmal membrane in a single action
potential is small relative to the total number
of ions, many action potentials can lead to a
significant change in the extracellular and in-
tracellular concentration of these ions. To pre-
vent this change from happening (i.e., to
maintain the concentration gradients for Na*
and K*), an energy (ATP)-dependent pump

system (Na*/K*-adenosine triphosphatase
[ATPase]), located on the sarcolemma,
pumps Na* out and K* into the cell (Fig. 2-3).
Normal operation of this pump is essential to
maintain Na*® and K* concentrations across
the membrane. If this pump stops working
(such as under hypoxic conditions, when ATP
is lost), or if the activity of the pump is inhib-
ited by cardiac glycosides such as digitalis,
Na* accumulates within the cell and intracel-
lular K* falls. This change results in a depo-
larization of the resting membrane potential.
It is important to note that this pump is elec-
trogenic because it extrudes three Na* for
every two K* entering the cell. By pumping
more positive charges out of the cell than into
it, the pump creates a negative potential
within the cell. This electrogenic potential
may be up to =10 mV. Inhibition of this pump,
therefore, causes depolarization resulting
from changes in Na* and K* concentration
gradients and from the loss of an electrogenic
component of the membrane potential. In ad-
dition, because the pump is electrogenic, in-
creases in intracellular Na* or extracellular K*
stimulate the activity of the Na*/K*-ATPase
pump and produce hyperpolarizing currents.

Because Ca’" enters the cell, especially
during action potentials, it is necessary to have
a mechanism to maintain its concentration
gradient. This maintenance is accomplished
by Ca** pumps and exchangers on the sar-
colemma. Intracellular calcium concentra-
tions in both cardiac and vascular smooth
muscle cells range from 107 M at rest to 10°
M during depolarization. The extracellular
concentration of calcium is about 2 x 10> M (2
mM), causing a large chemical gradient for
calcium to diffuse into the cell. Because cells
have a negative resting membrane potential,
an electrical force drives calcium into the cell.
However, little calcium leaks into the cell ex-
cept during action potentials when the cell
membrane permeability to calcium increases.
The calcium that enters the cell during action
potentials must be removed from the cell; oth-
erwise, an accumulation of calcium leads to
cellular dysfunction.

Two primary mechanisms remove calcium
from cells (see Fig. 2-3). The first involves an
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1 = ATP-dependent Ca** pump
2 = Na*/Ca** exchanger (3:1)
3 = Nat/K*-ATPase pump (3:2)

FIGURE 2-3 Sarcolemmal ion pumps and exchangers. These pumps maintain transmembrane ionic gradients for Na*,
K*, and Ca**. Na* and Ca** enter the cell down their electrochemical gradient, especially during action potentials,
while K* is leaving the cell. Ca** is removed by an adenosine triphosphate (ATP)-dependent Ca** pump (7) and by
the Na*/Ca** exchanger (2). Na* is actively removed from the cell by the Na*/K*-ATPase pump, which brings K* into
the cell; three Na* are pumped out for every two K*; therefore this pump is electrogenic (i.e., it generates a nega-
tive potential across the sarcolemma). The Na*/Ca** exchanger is also electrogenic because it exchanges three Na*

for every one Ca**. The Ca** pump is electrogenic as well.

ATP-dependent Ca** pump that actively
pumps calcium out of the cell and generates a
small electrogenic potential. The second
mechanism is the sodium-calcium ex-
changer. It is unclear exactly how this ex-
changer works. It is known, however, that the
exchanger can operate in either direction
across the sarcolemma. Furthermore, three
sodium ions are exchanged for each calcium
ion; therefore, the exchanger generates an
electrogenic potential. The direction of move-
ment of these ions (either inward or outward)
depends upon the membrane potential and
the chemical gradient for the ions. We know
that an increase in intracellular sodium con-
centration leads to an increase in intracellular
calcium through this exchange mechanism.
An example of this is when the activity of the
Na*/K*-ATPase pump is decreased by cellu-
lar hypoxia (which causes ATP levels to fall) or

inhibited by chemical inhibitors such as digi-
talis. When the pump is inhibited, intracellu-
lar sodium concentrations increase. Increased
intracellular sodium reduces the concentra-
tion gradient for Na*, causing less Na™ to en-
ter the cell via the Na*/Ca** exchanger. The
result is less Ca*™" being extruded by the ex-
changer, leading to an accumulation of intra-
cellular calcium.

lon Channels

Ion conductance through the sarcolemma oc-
curs because the sarcolemma is permeable to
ions. Ions move across the sarcolemma
through specialized ion channels, or pores, in
the phospholipid bilayer of the cell mem-
brane. These pores are made up of large
polypeptide chains that span the membrane
and create an opening in the membrane.



16 CHAPTER 2

PROBLEM 2-1

Nernst equation.

High concentrations of potassium are added to cardioplegic solutions used to arrest
the heart during surgery. Using the Nernst equation, calculate an estimate for the new
resting membrane potential (Em) when external potassium concentration is increased
from a normal value of 4 mM to 40 mM. Assume that the internal concentration re-
mains at 150 mM and that K* and other ion conductances are not altered.

Using Equation 2-1, the membrane potential (actually, the equilibrium potential for
potassium) with 4 mM external potassium would be -96 mV. Solving the equation for
40 mM external potassium results in a membrane potential of =35 mV. This is the mem-
brane potential predicted by the Nernst equation assuming that no other ions con-
tribute to the membrane potential (see Equation 2-3). This calculation also neglects any
contribution of electrogenic pumps to the membrane potential. Nevertheless, a high
concentration of external potassium causes a large depolarization, as predicted by the

Conformational changes in the ion channel
proteins alter the shape of the pore, thereby
permitting ions to transverse the membrane
channel.

Ton channels are selective for different
cations and anions. For example, some ion
channels are selective for sodium, potassium,
calcium, and chloride ions (Table 2-2).
Furthermore, a given ion may have several
different types of ion channels responsible for
its movement across a cell membrane. For ex-
ample, several different types of potassium
channels exist through which potassium ions
move across the cell membrane during cellu-
lar depolarization and repolarization.

Two general types of ion channels exist:
voltage gated (voltage operated) and receptor
gated (receptor operated) channels. Voltage
gated channels open and close in response
to changes in membrane potential. Examples
of voltage gated channels include several
sodium, potassium, and calcium channels that
are involved in cardiac action potentials.
Receptor gated channels open and close in
response to chemical signals operating
through membrane receptors. For example,
acetylcholine, which is the neurotransmitter
released by the vagus nerves innervating the
heart, binds to a sarcolemmal receptor that
subsequently leads to the opening of special
types of potassium channels (I c).

Ion channels have both open and closed
states. Ions pass through the channel only
while it is in the open state. The open and
closed states of voltage gated channels are
regulated by the membrane potential. Fast
sodium channels have been the most exten-
sively studied, and a conceptual model has
been developed based upon studies by
Hodgkin and Huxley in the 1950s using the
squid giant axon. In this model, two gates reg-
ulate the movement of sodium through the
channel (Fig. 2-4). At a normal resting mem-
brane potential (about -90 mV in cardiac
myocytes), the sodium channel is in a resting,
closed state. In this configuration, the m-gate
(activation gate) is closed and the h-gate (in-
activation gate) is open. These gates are
polypeptides that are part of the transmem-
brane protein channel, and they undergo con-
formational changes in response to changes in
voltage. The m-gates rapidly become acti-
vated and open when the membrane is rapidly
depolarized. This permits sodium, driven by
its electrochemical gradient, to enter the cell.
As the m-gates open, the h-gates begin to
close; however, the m-gates open more rapidly
than the h-gates close. The difference in the
opening and closing rates of the two gates per-
mits sodium to briefly enter the cell. After a
few milliseconds, however, the h-gates close
and sodium ceases to enter the cell. The clos-
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TABLE 2-2 CARDIAC ION CHANNELS AND CURRENTS

CHANNELS GATING CHARACTERISTICS

Sodium

Fast Na* (Iy.) Voltage Phase 0 of myocytes

Slow Na* (ly) Voltage & Receptor  Contributes to phase 4 pacemaker
current in SA and AV nodal cells

Calcium

L-type (lc.) Voltage Slow inward, long-lasting current;

phase 2 of myocytes and phases 4
and 0 of SA and AV nodal cells

T-type (Ic.) Voltage Transient current; contributes to
phase 4 pacemaker current in SA
and AV nodal cells

Potassium

Inward rectifier (lg;) Voltage Maintains negative potential in
phase 4; closes with depolariza-
tion; its decay contributes to pace-
maker currents

Transient outward (I,.) Voltage Contributes to phase 1 in
myocytes

Delayed rectifier (ly,) Voltage Phase 3 repolarization

ATP-sensitive (I, are) Receptor Inhibited by ATP; opens when ATP
decreases

Acetylcholine activated (I ac)  Receptor Activated by acetylcholine; Gi-

protein coupled

Iy, Name of specific current

Na* Na* Na* Nat
outside I l
inside
Resting Activated Inactivated Resting
(closed) (open) (closed) (closed)
. . :
Depolarization Repolarization

FIGURE 2-4 Open and closed states of fast sodium channels in cardiac myocytes. In the resting (closed) state, the m-
gates (activation gates) are closed, although the h-gates (inactivation gates) are open. Rapid depolarization to thresh-
old opens the m-gates (voltage activated), thereby opening the channel and enabling sodium to enter the cell. Shortly
thereafter, as the cell begins to repolarize, the h-gates close and the channel becomes inactivated. Toward the end
of repolarization, the m-gates again close and the h-gates open. This brings the channel back to its resting state.
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ing of the h-gates therefore limits the length
of time that sodium can enter the cell. This in-
activated, closed state persists throughout the
repolarization phase as the membrane poten-
tial recovers to its resting level. Near the end
of repolarization, the negative membrane po-
tential causes the m-gates to close and the h-
gates to open. These changes cause the chan-
nel to revert back to its initial resting, closed
state. Full recovery of the h-gates can take 100
milliseconds or longer after the resting mem-
brane potential has been restored.

The response of the activation and inacti-
vation gates described above occurs when the
resting membrane potential is normal (about
-90 mV) and a rapid depolarization of the
membrane occurs, as happens when a normal
depolarization current spreads from one car-
diac cell to another during electrical activation
of the heart. The response of the fast sodium
channel, however, is different when the rest-
ing membrane potential is partially depolar-
ized or the cell is slowly depolarized. For ex-
ample, when myocytes become hypoxic, the
cell depolarizes to a less negative resting
membrane potential. This partially depolar-
ized state inactivates sodium channels by clos-
ing the h-gates. The more a cell is depolar-
ized, the greater the number of inactivated
sodium channels. At a membrane potential of
about —55 mV, virtually all fast sodium chan-
nels are inactivated. If a myocyte has a normal
resting potential, but then undergoes slow de-
polarization, more time is available for the h-
gates to close as the m-gates are opening. This
causes the sodium channel to transition di-
rectly from the resting (closed) state to the in-
activated (closed) state. The result is that
there is no activated, open state for sodium to
pass through the channel, effectively abolish-
ing fast sodium currents through these chan-
nels. As long as the partial depolarized state
persists, the channel will not resume its rest-
ing, closed state. As described later in this
chapter, these changes significantly alter
myocyte action potentials by abolishing fast
sodium currents during action potentials.

A single cardiac cell has many sodium
channels; each channel has a slightly different
voltage activation threshold and duration of its

open, activated state. The amount of sodium
(the sodium current) that passes through
sodium channels when a cardiac cell under-
goes depolarization depends upon the num-
ber of sodium channels, the duration of time
the channels are in the open state, and the
electrochemical gradient driving the sodium
into the cell.

The open and closed states described for
sodium channels are also found in other ion
channels. For example, slow calcium channels
have activation and inactivation gates (al-
though they have different letter designations
than fast sodium channels). Although this con-
ceptual model is useful to help understand
how ions transverse the membrane, many of
the details of how this actually occurs at the
molecular level are still unknown. Never-
theless, recent research is helping to show
which regions of ion channel proteins act as
voltage sensors and which regions undergo
conformational changes analogous to the
gates described in the conceptual model.

Action Potentials

Action potentials occur when the membrane
potential suddenly depolarizes and then repo-
larizes back to its resting state. The two gen-
eral types of cardiac action potentials include
nonpacemaker and pacemaker action poten-
tials. Nonpacemaker action potentials are trig-
gered by depolarizing currents from adjacent
cells, whereas pacemaker cells are capable of
spontaneous action potential generation. Both
types of action potentials in the heart differ
considerably from the action potentials found
in neural and skeletal muscle cells (Fig. 2-5).
One major difference is the duration of the
action potentials. In a typical nerve, the action
potential duration is about 1 millisecond. In
skeletal muscle cells, the action potential du-
ration is approximately 2-5 milliseconds. In
contrast, the duration of ventricular action po-
tentials ranges from 200 to 400 milliseconds.
These differences among nerve, skeletal mus-
cle, and cardiac myocyte action potentials re-
late to differences in the ionic conductances
responsible for generating the changes in
membrane potential.
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FIGURE 2-5 Comparison of action potentials from a
nerve cell and a nonpacemaker cardiac myocyte.
Cardiac action potentials are much longer in duration
than nerve cell action potentials.

Nonpacemaker Action Potentials

Figure 2-6 shows the ionic mechanisms re-
sponsible for the generation of nonpacemaker
action potentials. By convention, the action
potential is divided into five numbered
phases. Nonpacemaker cells, such as atrial
and ventricular myocytes and Purkinje cells,
have a true resting membrane potential
(phase 4) that remains near the equilibrium
potential for K*. At the resting membrane po-
tential, gK*, through inward rectifying potas-
sium channels (see Table 2-2), is high relative
to gNa* and gCa**. When these cells are
rapidly depolarized from —90 mV to a thresh-
old voltage of about ~70 mV (owing to, for ex-
ample, an action potential conducted by an
adjacent cell), a rapid depolarization (phase
0) is initiated by a transient increase in fast
Na*-channel conductance. At the same time,
gK* falls. These two conductance changes
move the membrane potential away from the
potassium equilibrium potential and closer to
the sodium equilibrium potential (see
Equation 2-4). Phase 1 represents an initial
repolarization caused by the opening of a
special type of K* channel (transient outward)
and the inactivation of the Na®™ channel.
However, because of the large increase in
slow inward gCa*™*, the repolarization is de-
layed and the action potential reaches a
plateau phase (phase 2). This inward cal-
cium movement is through long-lasting (L-
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FIGURE 2-6 Changes in ion conductances associated
with a ventricular myocyte action potential. Phase O (de-
polarization) primarily is due to the rapid increase in
sodium conductance (gNa*) accompanied by a fall in
potassium conductance (gk*); the initial repolarization
of phase 1 is due to opening of special potassium chan-
nels (l,); phase 2 (plateau) primarily is due to an in-
crease in slow inward calcium conductance (gCa**)
through L-type Ca** channels; phase 3 (repolarization)
results from an increase in gKk* and a decrease in gCa**.
Phase 4 is a true resting potential that primarily reflects
a high gK*. ERF, effective refractory period.

type) calcium channels that open when the
membrane potential depolarizes to about —40
mV. L-type calcium channels are the major
calcium channels in cardiac and vascular
smooth muscle. They are opened by mem-
brane depolarization (they are voltage-oper-
ated) and remain open for a relatively long du-
ration. These channels are blocked by classical
L-type calcium channel blockers (verapamil,
diltiazem, and dihydropyridines such as
nifedipine). Repolarization (phase 3) oc-
curs when gK* increases through delayed rec-
tifier potassium channels and gCa*™" de-
creases. Therefore, changes in Na*, Ca™™, and
K* conductances primarily determine the ac-
tion potential in nonpacemaker cells.

During phases 0, 1, 2, and part of phase 3,
the cell is refractory (i.e., unexcitable) to the
initiation of new action potentials. This is the
effective refractory period (ERP) (see Fig.
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2-6). During the ERP, stimulation of the cell
does not produce new, propagated action po-
tentials because the h-gates are still closed.
The ERP acts as a protective mechanism in
the heart by limiting the frequency of action
potentials (and therefore contractions) that
the heart can generate. This enables the heart
to have adequate time to fill and eject blood.
The long ERP also prevents the heart from
developing sustained, tetanic contractions like
those that occur in skeletal muscle. At the end
of the ERP, the cell is in its relative refrac-
tory period. Early in this period, supra-
threshold depolarization stimuli are required
to elicit actions potentials. Because not all the
sodium channels have recovered to their rest-
ing state by this time, action potentials gener-
ated during the relative refractory period have
a decreased phase 0 slope and lower ampli-
tude. When the sodium channels are fully re-
covered, the cell becomes fully excitable and
normal depolarization stimuli can elicit new,
rapid action potentials.

Nonpacemaker action potentials are also
called “fast response” action potentials be-
cause of their rapid phase 0 depolarization. If
the fast sodium channels that are responsible
for the rapid phase 0 are blocked pharmaco-
logically or inactivated by slow depolarization,
the slope of phase 0 is significantly depressed,
and the amplitude of the action potential is re-
duced. The depolarization phase of the action
potential under these conditions is brought
about by slow inward calcium currents carried
through L-type calcium channels. These ac-

tion potentials are called “slow response” ac-
tion potentials and resemble action potentials
found in pacemaker cells.

Pacemaker Action Potentials

Pacemaker cells have no true resting poten-
tial, but instead generate regular, spontaneous
action potentials. Unlike most other cells that
exhibit action potentials (e.g., nerve cells, and
muscle cells), the depolarizing current of the
action potential is carried primarily by rela-
tively slow, inward Ca*™ currents (through L-
type calcium channels) instead of by fast Na*
currents. Fast Na* channels are inactivated in
nodal cells because of their more depolarized
state, which closes the h-gates.

Cells within the sinoatrial (SA) node, lo-
cated within the posterior wall of the right
atrium, constitute the primary pacemaker site
within the heart. Other pacemaker cells exist
within the atrioventricular node and ventricu-
lar conduction system, but their firing rates
are driven by the higher rate of the SA node
because the intrinsic pacemaker activity of the
secondary pacemakers is suppressed by a
mechanism termed overdrive suppression.
This mechanism causes the secondary pace-
maker to become hyperpolarized when driven
at a rate above its intrinsic rate. Hyper-
polarization occurs because the increased ac-
tion potential frequency stimulates the activity
of the electrogenic Na*/K*-ATPase pump as a
result of enhanced entry of sodium per unit
time into these cells. If the SA node becomes
depressed, or its action potentials fail to reach

PROBLEM 2-2

velocity within the ventricle?

A drug is found to partially inactivate fast sodium channels. How would this drug alter
the action potential in a ventricular myocyte? How would the drug alter conduction

Because phase 0 of myocyte action potentials is generated by activation of fast
sodium channels, partial inactivation of these channels would decrease the upstroke ve-
locity of phase 0 (decrease the slope of phase 0). Partial inactivation also would decrease
the maximal degree of depolarization. These changes in phase 0 would reduce the con-
duction velocity within the ventricle. Blockade of fast sodium channels is the primary
mechanism of action of Class | antiarrhythmic drugs such as quinidine and lidocaine.




secondary pacemakers, overdrive suppression
ceases, which permits a secondary site to take
over as the pacemaker for the heart. When
this occurs, the new pacemaker is called an
ectopic foci.

SA nodal action potentials are divided into
three phases: phase 0, upstroke of the action
potential; phase 3, the period of repolariza-
tion; and phase 4, the period of spontaneous
depolarization that leads to subsequent gener-
ation of a new action potential (Fig. 2-7).

Phase 0 depolarization primarily is due to
increased gCa™ ™ through L-type calcium chan-
nels. These voltage-operated channels open
when the membrane is depolarized to a thresh-
old voltage of about —40 mV. Because the
movement of Ca™* through calcium channels
is not rapid (hence, the term “slow calcium
channels”), the rate of depolarization (the slope
of phase 0) is much slower than that found in
other cardiac cells (e.g., in Purkinje cells). As
the calcium channels open and the membrane
potential moves toward the calcium equilib-
rium potential, a transient decrease in gK*
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FIGURE 2-7 Changes in ion conductances associated
with a sinoatrial (SA) nodal action potential. Phase O
(depolarization) primarily is due to an increase in cal-
cium conductance (gCa**) through L-type Ca** chan-
nels accompanied by a fall in potassium conductance
(gK™); phase 3 (repolarization) results from an increase
in gK* and a decrease in gCa**. Phase 4 undergoes a
spontaneous depolarization owing to a pacemaker cur-
rent (/) carried in part by Na*; decreased gK* and in-
creased gCa** also contribute to the spontaneous de-
polarization.
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occurs, which contributes to the depolarization
as shown in the following equation:

Em = g’K (-96mV) + g’Ca (+134mV)

Depolarization causes voltage-operated,
delayed rectifier potassium channels to open,
and the increased gK* repolarizes the cell to-
ward the equilibrium potential for K* (phase
3). At the same time, the slow inward Ca**
channels that opened during phase 0 become
inactivated, thereby decreasing gCa** and
contributing to the repolarization. Phase 3
ends when the membrane potential reaches
about —65 mV. The phase of repolarization is
self-limited because the potassium channels
begin to close again as the cell becomes repo-
larized.

The ionic mechanisms responsible for the
spontaneous depolarization of the pacemaker
potential (phase 4) are not entirely clear, but
probably involve several different ionic cur-
rents. First, early in phase 4, gK* is still de-
clining. This fall in gK* contributes to depolar-
ization. Second, in the repolarized state, a
pacemaker current (Iy), or “funny” current,
has been identified. This current may involve a
slow inward movement of Na*. Third, in the
second half of phase 4, there is a small increase
in gCa™™ through T-type calcium channels. T-
type (“transient”) calcium channels differ from
L-type calcium channels in that they open
briefly only at very negative voltages (-50 mV)
and are not blocked by the classical L-type cal-
cium channel blockers. Fourth, as the depolar-
ization begins to reach threshold, the L-type
calcium channels begin to open, causing a fur-
ther increase in gCa** until threshold is
reached and phase 0 is initiated.

To summarize, the action potential in SA
nodal cells primarily depends on changes in
gCa™* and gK* conductances, with slow Na*
currents (I;) and changes in gCa** and gK*
conductances playing a role in the sponta-
neous depolarization.

The SA node displays intrinsic automaticity
at a rate of 100 to 110 depolarizations per
minute. Heart rate, however, can vary be-
tween low resting values of about 60 beats/
min to over 200 beats/min. These changes in



22 CHAPTER 2

rate primarily are controlled by autonomic
nerves acting on the SA node. At resting heart
rates, vagal influences are dominant over sym-
pathetic influences. This is termed vagal
tone. Autonomic nerves increase SA nodal
firing rate by both decreasing vagal tone and
increasing sympathetic activity on the SA
node in a reciprocal manner. An increase in
heart rate is a positive chronotropic response
(or positive chronotropy), whereas a reduc-
tion in heart rate is a negative chronotropic
response (or negative chronotropy).
Autonomic influences alter the rate of
pacemaker firing through the following mech-
anisms: (1) changing the slope of phase 4; (2)
altering the threshold for triggering phase 0;
and (3) altering the degree of hyperpolariza-
tion at the end of phase 3. Any of these three
mechanisms will either increase or decrease
the time to reach threshold. Sympathetic acti-
vation of the SA node increases the slope of
phase 4 (Fig. 2-8) and lowers the threshold,
thereby increasing pacemaker frequency
(positive chronotropy). In this mechanism,
norepinephrine binds to B,-adrenoceptors
coupled to a stimulatory G-protein (Gs-
protein), which activates adenylyl cyclase and
increases cyclic adenosine monophosphate
(cAMP; see Chapter 3). This effect leads to an
increased opening of L-type calcium channels
and an increase in I, both of which increase
the rate of depolarization. Vagal stimulation

releases acetylcholine at the SA node, which
decreases the slope of phase 4, hyperpolarizes
the cell, and increases threshold. All of these
effects cause the pacemaker potential to take
longer to reach threshold, thereby slowing the
rate (negative chronotropy). Acetylcholine
binds to muscarinic receptors (M) and de-
creases cAMP via the inhibitory G-protein
(Gi-protein), the opposite effect of sympa-
thetic activation (see Chapter 3). Acetyl-
choline may also increase cyclic guanosine
monophosphate (cGMP) through the nitric
oxide (NO)-cGMP pathway, which inactivates
L-type calcium channels. Finally, acetyl-
choline, acting through the Gi-protein, acti-
vates a special type of potassium channel
(Kscn channel) that hyperpolarizes the cell by
increasing potassium conductance.
Nonneural mechanisms also alter pace-
maker activity (Table 2-3). For example, circu-
lating catecholamines (epinephrine and norepi-
nephrine) cause tachycardia by a mechanism
similar to norepinephrine released by sympa-
thetic nerves. Hyperthyroidism induces tachy-
cardia, and hypothyroidism induces bradycar-
dia. Changes in the serum concentration of
ions, particularly potassium, can cause changes
in SA node firing rate. Hyperkalemia induces
bradycardia or can even stop SA nodal firing,
whereas hypokalemia increases the rate of
phase 4 depolarization and causes tachycardia,
apparently by decreasing potassium conduc-

SA Nodal Cell
Sympathetic Vagal
0 AN L/
mV Threshold
-50
T oo

Maximal
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FIGURE 2-8 Effects of sympathetic and parasympathetic (vagal) stimulation on sinoatrial (SA) nodal pacemaker ac-
tivity. Sympathetic stimulation increases the firing rate by increasing the slope of phase 4 and lowering the threshold
for the action potential. Vagal stimulation has the opposite effects, and it hyperpolarizes the cell.
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TABLE 2-3 FACTORS INCREASING OR DECREASING THE SINOATRIAL NODE

FIRING RATE

INCREASING

DECREASING

Sympathetic stimulation
Muscarinic receptor antagonist
B-Adrenoceptor agonists
Circulating catecholamines
Hypokalemia

Hyperthyroidism

tance during phase 4. Cellular hypoxia depo-
larizes the membrane potential, causing brady-
cardia and abolition of pacemaker activity.
Various drugs used to treat abnormal heart
rhythm (i.e., antiarrhythmic drugs) also affect
SA nodal rhythm. Calcium channel blockers,
for example, cause bradycardia by inhibiting
L-type calcium channels and slow inward
Ca*™ currents during phase 4 and phase 0.
Drugs affecting autonomic control or auto-
nomic receptors (e.g., B-blockers and M, re-
ceptor antagonists; B-adrenoceptor agonists)
alter pacemaker activity. Digitalis causes
bradycardia by increasing parasympathetic ac-
tivity and inhibiting the sarcolemmal Na*/K*-
ATPase, which leads to depolarization.

Abnormal Action Potentials

By mechanisms not fully clear, nonpacemaker
cells may undergo spontaneous depolariza-
tions either during phase 3 or early in phase 4,
triggering abnormal action potentials. These
spontaneous depolarizations (termed afterde-
polarizations), if of sufficient magnitude, can
trigger self-sustaining action potentials result-
ing in tachycardia (Fig. 2-9). Early afterde-
polarizations occur during phase 3 and are
more likely to occur when action potential du-
rations are prolonged. Because these afterde-
polarizations occur at a time when fast Na*
channels are still inactivated, slow inward
Ca** carries the depolarizing current. Another
type of afterdepolarization, delayed afterde-
polarization, occurs at the end of phase 3 or
early in phase 4. It, too, can lead to self-

Parasympathetic stimulation
Muscarinic receptor agonists
B-Blockers

Ischemia/hypoxia

Hyperkalemia

Sodium and calcium channel blockers

Early Afterdepolarizations
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FIGURE 2-9 Early (top panel) and delayed (bottom
panel) afterdepolarizations. If the magnitude of sponta-
neous depolarization is sufficient, it can trigger self-
sustaining action potentials.

sustaining action potentials and tachycardia.
This form of triggered activity appears to be
associated with elevations in intracellular cal-
cium, as occurs during ischemia, digitalis toxi-
city, and excessive catecholamine stimulation.

CONDUCTION OF ACTION
POTENTIALS WITHIN THE HEART

Electrical Conduction within the
Heart

The action potentials generated by the SA
node spread throughout the atria primarily
through cell-to-cell conduction (Fig. 2-10).
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FIGURE 2-10 Cell-to-cell conduction. Cardiac cells are
connected together by low-resistance gap junctions be-
tween the cells, forming a functional syncytium. When
one cell depolarizes, depolarizing currents can pass
through the gap junctions and depolarize adjacent cells,
resulting in a cell-to-cell propagation of action potentials.

When a single myocyte depolarizes, positive
charges accumulate just inside the sar-
colemma. Because individual myocytes are
joined together by low-resistance gap junc-
tions located at the intercalated disks, ionic
currents can flow between two adjoining cells.
When these ionic intercellular currents are
sufficient to depolarize the adjoining cell to its
threshold potential, an action potential is

elicited in the second cell. Through this cur-
rent spread or conduction between adjacent
cells, action potentials are propagated
throughout the atria. Action potentials in the
atrial muscle have a conduction velocity of
about 0.5 m/sec, which is similar to that of ven-
tricular muscle (Fig. 2-11). Although the con-
duction of action potentials within the atria is
primarily between myocytes, some functional
evidence (although controversial) points to the
existence of specialized conducting pathways
within the atria, termed internodal tracts. As
each wave of action potentials originating from
the SA node spreads across and depolarizes
the atrial muscle, it initiates excitation—
contraction coupling (see Chapter 3).
Nonconducting connective tissue separates
the atria from the ventricles. Action potentials
normally have only one pathway available to
enter the ventricles, a specialized region of
cells called the atrioventricular (AV) node.
The AV node, located in the inferior—posterior
region of the interatrial septum, is a highly
specialized conducting tissue (cardiac, not
neural in origin) that slows the impulse con-

Atrial Muscle

SA Node

Purkinje
Fibers
(~4 m/sec)

(~0.5 m/sec)

AV Node
(~0.05 m/sec)

Bundle of His
(~2 m/sec)

Left & Right
Bundle Branches
(~2 m/sec)

Ventricular
Muscle
(~0.5 m/sec)

FIGURE 2-11 Conduction system within the heart. Conduction velocities of different regions are noted in parenthe-
ses. Note that Purkinje fibers have the highest conduction velocity and the atrioventricular (AV) node has the lowest

conduction velocity. SA, sinoatrial.



duction velocity to about 0.05 m/sec. This is
one-tenth the velocity found in atrial or ven-
tricular myocytes (see Fig. 2-11).

The delay in conduction between the atria
and ventricles at the AV node is important.
First, it allows sufficient time for complete
atrial depolarization, contraction, and empty-
ing of atrial blood into the ventricles prior to
ventricular depolarization and contraction
(see Chapter 4). Second, the low conduction
velocity helps to limit the frequency of im-
pulses traveling through the AV node and ac-
tivating the ventricle. This is important in
atrial flutter and fibrillation, in which exces-
sively high atrial rates, if transmitted to the
ventricles, lead to severe ventricular tachycar-
dia and reduced cardiac output caused by in-
adequate time for ventricular filling.

Action potentials leaving the AV node enter
the base of the ventricle at the bundle of His
and then follow the left and right bundle
branches along the interventricular septum.
These specialized bundle branch fibers con-
duct action potentials at a high velocity (about
2 m/sec). The bundle branches divide into an
extensive system of Purkinje fibers that con-
duct the impulses at high velocity (about 4
m/sec) throughout the ventricles. The
Purkinje fiber cells connect with ventricular
myocytes, which become the final pathway for
cell-to-cell conduction within the heart.

The conduction system within the heart is
important because it permits rapid, organized,
near-synchronous depolarization and contrac-
tion of ventricular myocytes, which is essential
to generate pressure efficiently during ven-
tricular contraction. If the conduction system
becomes damaged or dysfunctional, as can oc-
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cur during ischemic conditions or myocardial
infarction, this change can lead to altered
pathways of conduction and decreased con-
duction velocity within the heart. The func-
tional consequence is that it diminishes the
ability of the ventricles to generate pressure.
Furthermore, damage to the conducting sys-
tem can precipitate arrhythmias.

Regulation of Conduction Velocity

The rate of cell-to-cell conduction is deter-
mined by several intrinsic and extrinsic factors.
Intrinsic factors include the electrical resis-
tance between cells and the nature of the ac-
tion potential, particularly in the initial rate of
depolarization (phase 0). As discussed earlier
in this chapter, fast sodium channels are re-
sponsible for the rapid upstroke velocity of
nonpacemaker action potentials. Increasing
the number of activated fast sodium channels
increases the rate of depolarization. The more
rapidly one cell depolarizes, the more quickly
an adjoining cell depolarizes. Therefore, con-
ditions that decrease the availability of fast
sodium channels (e.g., depolarization caused
by cellular hypoxia), decrease the rate and
magnitude of phase 0, thereby decreasing con-
duction velocity within the heart. In AV nodal
tissue in which slow inward calcium primarily
determines phase 0 of the action potential, al-
terations in calcium conductance alter the rate
of depolarization and therefore the rate of con-
duction between AV nodal cells.

Extrinsic factors can influence conduction
velocity, including autonomic nerves, circulat-
ing hormones (particularly catecholamines),
and various drugs (Table 2-4). Autonomic

TABLE 2-4 EXTRINSIC FACTORS INCREASING OR DECREASING CONDUCTION
VELOCITY WITHIN THE HEART

INCREASING

DECREASING

Sympathetic stimulation
Muscarinic receptor antagonists
B;-Adrenoceptor agonists
Circulating catecholamines
Hyperthyroidism

Parasympathetic stimulation
Muscarinic receptor agonists
Beta-blockers

Ischemia/hypoxia

Sodium and calcium channel blockers
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nerve activity significantly influences the con-
duction of electrical impulses throughout the
heart, particularly in the specialized conduc-
tion system. An increase in sympathetic firing
(or increased circulating catecholamines) in-
creases conduction velocity via norepineph-
rine binding to B,-adrenoceptors. The activa-
tion of parasympathetic (vagal) nerves
decreases conduction velocity via the action of
acetylcholine on M, receptors. The signal
transduction mechanisms coupled to ;-
adrenoceptors and M, receptors (Gs- and Gi-
proteins) are the same as described in
Chapter 3 (see Fig. 3-6) for the regulation of
cardiac contraction. A number of drugs can
affect conduction velocity by altering auto-
nomic influences or directly altering intercel-
lular conduction. For example, antiarrhythmic
drugs that block fast sodium channels de-
crease conduction velocity; digitalis com-
pounds activate vagal influences on the con-
duction system; and B-adrenoceptor agonists
or antagonists can increase or decrease con-
duction velocity, respectively.

Abnormal Conduction

When electrical activation of the heart does
not follow the normal pathways outlined ear-
lier, ventricular contraction efficiency may be
reduced and arrhythmias may be precipitated.
For example, if the AV node becomes com-
pletely blocked by ischemic damage or exces-
sive vagal stimulation, impulses cannot travel
from the atria into the ventricles. Fortunately,
latent pacemakers within the ventricular con-
duction system usually take over to activate
the ventricles; however, the lower firing rate
of these pacemakers results in ventricular
bradycardia and decreased cardiac output. As
another example, if one of the bundle
branches is blocked, ventricular depolariza-
tion still occurs, but the depolarization path-
ways will be altered leading to a delay in ven-
tricular activation and reduced contraction
efficiency. An ectopic beat originating within
the ventricle can cause altered pathways of
conduction as well. When this occurs outside
of the normal fast conducting system, it alters
the pathway of depolarization, and ventricular

depolarization has to rely on the relatively
slow cell-to-cell conduction between myo-
cytes.

In addition, abnormal conduction can arise
from accessory conduction pathways, such as
may be found between the atria and ventri-
cles. These accessory pathways alter the route
and sequence of ventricular depolarization
and often result in arrhythmias (e.g.,
supraventricular tachycardias), which occur as
aresult of reentry mechanisms (see Reentry
Mechanisms on CD).

THE ELECTROCARDIOGRAM (ECG)

The ECG is a crucial diagnostic tool in clinical
practice. It is especially useful in diagnosing
thythm disturbances, changes in electrical
conduction, and myocardial ischemia and in-
farction. The remaining sections of this chap-
ter describe how the ECG is generated and
how it can be used to examine changes in car-
diac electrical activity. For more in-depth in-
formation about this topic, particularly how to
interpret abnormal ECGs, consult detailed
clinical textbooks such as those listed at the
end of this chapter.

ECG Tracing

As cardiac cells depolarize and repolarize,
electrical currents spread throughout the
body because the tissues surrounding the
heart are able to conduct electrical currents
generated by the heart. When these electrical
currents are measured by an array of elec-
trodes placed at specific locations on the body
surface, the recorded tracing is called an ECG
(Fig. 2-12). The repeating waves of the ECG
represent the sequence of depolarization and
repolarization of the atria and ventricles. The
ECG does not measure absolute voltages, but
voltage changes from a baseline (isoelectric)
voltage. ECGs are generally recorded on pa-
per at a speed of 25 mm/sec and with a verti-
cal calibration of 1 mV/cm.

By convention, the first wave of the ECG is
the P wave. It represents the wave of depolar-
ization that spreads from the SA node through-
out the atria; it is usually 0.08 to 0.1 seconds
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FIGURE 2-12 Components of the ECG trace. A rhythm
strip at the top shows a typical ECG recording. An en-
largement of one of the repeating waveform units
shows the P wave, QRS complex, and T wave, which
represent atrial depolarization, ventricular depolariza-
tion, and ventricular repolarization, respectively. The P-
R interval represents the time required for the depolar-
ization wave to transverse the atria and the
atrioventricular node; the Q-T interval represents the
period of ventricular depolarization and repolarization;
and the ST segment is the isoelectric period when the
entire ventricle is depolarized.

(80-100 m/sec) in duration (Table 2-5). No dis-
tinctly visible wave represents atrial repolariza-
tion in the ECG because it occurs during ven-
tricular depolarization and is of relatively small
amplitude. The brief isoelectric (zero voltage)
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period after the P wave represents the time in
which the atrial cells are depolarized and the
impulse is traveling within the AV node, where
conduction velocity is greatly reduced. The pe-
riod of time from the onset of the P wave to the
beginning of the QRS complex, the P-R inter-
val, normally ranges from 0.12 to 0.20 seconds.
This interval represents the time between the
onset of atrial depolarization and the onset of
ventricular depolarization. If the P-R interval is
greater than 0.2 seconds, a conduction defect
(usually within the AV node) is present (e.g.,
first-degree heart block).

The QRS complex represents ventricular
depolarization. The duration of the QRS com-
plexis normally 0.06 to 0.1 seconds, indicating
that ventricular depolarization occurs rapidly.
If the QRS complex is prolonged (greater than
0.1 seconds), conduction is impaired within
the ventricles. Impairment can occur with de-
fects (e.g., bundle branch blocks) or aberrant
conduction, or it can occur when an ectopic
ventricular pacemaker drives ventricular de-
polarization. Such ectopic foci nearly always
cause impulses to be conducted over slower
pathways within the heart, thereby increasing
the time for depolarization and the duration
of the QRS complex.

The isoelectric period (ST segment) fol-
lowing the QRS is the period at which the en-
tire ventricle is depolarized and roughly cor-
responds to the plateau phase of the
ventricular action potential. The ST segment
is important in the diagnosis of ventricular

TABLE 2-5 SUMMARY OF ECG WAVES, INTERVALS, AND SEGMENTS

ECG COMPONENT REPRESENTS NORMAL DURATION (SEC)
P wave Atrial depolarization 0.08-10.10

QRS complex Ventricular depolarization 0.06 - 0.10

T wave Ventricular repolarization ‘

P-R interval Atrial depolarization plus AV nodal delay 0.12-0.20

ST segment Isoelectric period of depolarized ventricles g

Q-T interval Length of depolarization plus repolarization — 0.20-0.40°2

corresponds to action potential duration

" Duration not normally measured. 2 High heart rates reduce the action potential duration and therefore the Q-T in-

terval.
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ischemia, in which the ST segment can be-
come either depressed or elevated, indicating
nonuniform membrane potentials in ventricu-
lar cells. The T wave represents ventricular
repolarization (phase 3 of the action potential)
and lasts longer than depolarization.

During the Q-T interval, both ventricular
depolarization and repolarization occur. This
interval roughly estimates the duration of ven-
tricular action potentials. The Q-T interval
can range from 0.2 to 0.4 seconds depending
on heart rate. At high heart rates, ventricular
action potentials are shorter, decreasing the
Q-T interval. Because prolonged Q-T inter-
vals can be diagnostic for susceptibility to cer-
tain types of arrhythmias, it is important to de-
termine if a given Q-T interval is excessively
long. In practice, the Q-T interval is expressed
as a corrected Q-T (Q-Tc) interval by taking
the Q-T interval and dividing it by the square
root of the R-R interval (the interval between
ventricular depolarizations). This calculation
allows the Q-T interval to be assessed inde-
pendent of heart rate. Normal corrected Q-Tc
intervals are less than 0.44 seconds.

Interpretation of Normal and
Abnormal Cardiac Rhythms
from the ECG

One important use of the ECG is that it lets a
physician evaluate abnormally slow, rapid, or
irregular cardiac rhythm. Atrial and ventricu-
lar rates of depolarization can be determined
from the frequency of P waves and QRS com-
plexes by recording a rhythm strip. A rhythm
strip is usually generated from a single elec-
trocardiogram lead (often lead II). In a nor-
mal ECG, a consistent, one-to-one correspon-
dence exists between P waves and the QRS
complex; i.e., each P wave is followed by a
QRS complex. This correspondence, when
found, indicates that ventricular depolariza-
tion is being triggered by atrial depolarization.
Under these normal conditions, the heart is
said to be in sinus rhythm, because the SA
node is controlling the cardiac rhythm.
Normal sinus rhythm can range from 60-100
beats/min. Although the term “beats” is being
used here, strictly speaking, the electrocardio-

gram gives information only about the fre-
quency of electrical depolarizations. However,
a depolarization usually results in contraction
and therefore a “beat.”

Abnormal rhythms (arrhythmias) can be
caused by abnormal formation of action po-
tentials. A sinus rate less than 60 beats/min is
termed sinus bradycardia. The resting sinus
rhythm, as previously described, is highly de-
pendent on vagal tone. Some people, espe-
cially highly conditioned athletes, may have
normal resting heart rates that are signifi-
cantly less than 60 beats/min. In other indi-
viduals, sinus bradycardia may result from de-
pressed SA nodal function. A sinus rate of
100-180 beats/min, sinus tachycardia, is an
abnormal condition for a person at rest; how-
ever, it is a normal response when a person ex-
ercises or becomes excited.

In a normal ECG, a QRS complex follows
each P wave. Conditions exist, however, when
the frequency of P waves and QRS complexes
may be different (Fig. 2-13). For example,
atrial rate may become so high in atrial flut-
ter (250-350 beats/min) that not all of the im-
pulses are conducted through the AV node;
therefore, the ventricular rate (as determined
by the frequency of QRS complexes) may be
only half of the atrial rate. In atrial fibrilla-
tion, the SA node does not trigger the atrial
depolarizations. Instead, depolarization cur-
rents arise from many sites throughout the
atria, leading to uncoordinated, low-voltage,
high-frequency depolarizations with no dis-
cernable P waves. In this condition, the ven-
tricular rate is irregular and usually rapid.
Atrial fibrillation illustrates an important func-
tion of the AV node; it limits the frequency of
impulses that it conducts, thereby limiting
ventricular rate. This feature is mechanically
consequential because when ventricular rates
become very high (e.g., greater than 200
beats/min), cardiac output falls owing to inad-
equate time for ventricular filling between
contractions.

Atrial rate is greater than ventricular rate
in some forms of AV nodal blockade (see
Fig. 2-13). This is an example of an arrhyth-
mia caused by abnormal (depressed) impulse
conduction. With AV nodal blockade, atrial
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FIGURE 2-13 ECG examples of abnormal rhythms. AV,
atrioventricular.

rate is normal, but every atrial depolarization
may not be followed by a ventricular depolar-
ization. A second-degree AV nodal block
may have two or three P waves preceding
each QRS complex because the AV node does
not successfully conduct every impulse. In a
less severe form of AV nodal blockade, the
conduction through the AV node is delayed,
but the impulse is still able to pass through
the AV node and excite the ventricles. With
this condition, termed first-degree AV
nodal block, a consistent one-to-one corre-
spondence remains between the P waves and
QRS complexes; however, the P-R interval is
found to be greater than 0.2 seconds. In an
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extreme form of AV nodal blockade, third-
degree AV nodal block, no atrial depolar-
izations are conducted through the AV node,
and P waves and QRS complexes are com-
pletely dissociated. The ventricles still un-
dergo depolarization because of the expres-
sion of secondary pacemaker sites (e.g., at the
AV nodal junction or from some ectopic foci
within the ventricles); however, the ventricu-
lar rate is generally slow (less than 40
beats/min). Bradycardia occurs because the
intrinsic firing rate of secondary, latent pace-
makers is much slower than in the SA node.
For example, pacemaker cells within the AV
node and bundle of His have rates of 50-60
beats/min, whereas those in the Purkinje sys-
tem have rates of only 30—40 beats/min. If the
ectopic foci is located within the ventricle,
the QRS complex will have an abnormal
shape and be wider than normal because de-
polarization does not follow the normal con-
duction pathways.

A condition can arise in which ventricular
rate is greater than atrial rate; i.e., the fre-
quency of QRS complexes is greater than the
frequency of P waves (see Fig. 2-13). This
condition is termed ventricular tachycar-
dia (100-200 beats/min) or ventricular flut-
ter (greater than 200 beats/min). The most
common causes of ventricular arrhythmias
are reentry circuits caused by abnormal im-
pulse conduction within the ventricles or
rapidly firing ectopic pacemaker sites within
the ventricles (which may be caused by after-
depolarizations). With ventricular arrhyth-
mias, there is a complete dissociation be-
tween atrial and ventricular rates. Both
ventricular tachycardia and ventricular flutter
are serious clinical conditions because they
compromise ventricular mechanical function
and can lead to ventricular fibrillation.
This latter condition is seen in the ECG as
rapid, low-voltage, uncoordinated depolariza-
tions (having no discernable QRS com-
plexes), which results in cardiac output going
to zero. This lethal condition can sometimes
be reverted to a sinus rhythm by applying
strong but brief electrical currents to the
heart by placing electrodes on the chest (elec-
trical defibrillation).
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CASE 2-1

A patient is being treated for hypertension with a B-blocker (a drug that blocks to B-
adrenoceptors in the heart) in addition to a diuretic. A routine ECG reveals that the pa-
tient’s P-R interval is 0.24 seconds (first-degree AV nodal block). Explain how removal
of the B-blocker might improve AV nodal conduction.

Sympathetic nerve activity increases conduction velocity within the AV node (positive
dromotropic effect). This effect on the AV node is mediated by norepinephrine binding
to B-adrenoceptors within the nodal tissue. A B-blocker would remove this sympathetic
influence and slow conduction within the AV node, which might prolong the P-R inter-
val. Therefore, taking the patient off the B-blocker might improve AV nodal conduction
and thereby decrease the P-R interval to within the normal range (0.12 to 0.20 seconds).

The ECG can reveal another type of ar-
rhythmia, premature depolarizations (see
Fig. 2-13). These depolarizations can occur
within either the atria (premature atrial com-
plex) or the ventricles (premature ventricular
complex). They are usually caused by ectopic
pacemaker sites within these cardiac regions
and appear as extra (and early) P waves or
QRS-complexes. These premature depolar-
izations are often abnormally shaped, particu-
larly in ventricles, because the impulses gen-
erated by the ectopic site are not conducted
through normal pathways.

Volume Conductor Principles and
ECG Rules of Interpretation

The previous section defined the components
of the ECG trace and what they represent in
terms of electrical events within the heart.
This section examines in more detail how the
recorded ECG waveform depends on (1) lo-
cation of recording electrodes on the body
surface; (2) conduction pathways and speed of
conduction; and (3) changes in muscle mass.
To interpret the significance of changes in the
appearance of the ECG, we must first under-
stand the basic principles of how the ECG is
generated and recorded.

Recording Depolarization and
Repolarization using External Electrodes
Figure 2-14 depicts a piece of living ventricu-
lar muscle placed into a bath containing a con-
ducting, physiologic salt solution. Electrodes

are located on either side of the muscle to
measure potential differences. Initially, no po-
tential difference exists between the two elec-
trodes (i.e., an isoelectric voltage), because
all of the cells are completely polarized (i.e., at
rest). The reason for isoelectric voltage is that
the outside of all of the cells is positive relative
to the inside (see Fig. 2-14, panel A).
Normally in cell physiology, the inside of the
cell is considered negative relative to the out-
side (which is zero by convention); however,
for this model, assume that the outside is pos-
itive relative to the inside so that a separation
of charges can be displayed on the surface of
the model. Because the entire surface is posi-
tive, no current is flowing along the surface of
the muscle. If the left side of the muscle was
suddenly depolarized to generate action po-
tentials, a wave of depolarization would sweep
across the muscle from left to right as action
potentials were propagated by cell-to-cell con-
duction. Midway through this depolarization
process, depolarized cells on the left would be
negative on the outside relative to the inside,
whereas nondepolarized cells on the right side
of the muscle would be still polarized (positive
on the outside) (see Fig. 2-14, panel B). A po-
tential difference between the positive and
negative electrodes would now exist owing to
a separation of charges (i.e., an electrical di-
pole). By convention, a wave of depolariza-
tion heading toward the positive electrode is
recorded as a positive voltage (an upward de-
flection in the recording). Immediately after
the wave of depolarization sweeps across the
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FIGURE 2-14 A model of the way depolarization and repolarization of ventricular muscle results in voltage changes
recorded by external electrodes. Ventricular muscle is placed in a conducting solution, and electrodes are located on
either side of the muscle to record potential differences. (A) Resting (polarized) muscle has the same potential across
the surface, as indicated by positive charges outside of the cells (relative to the negative cell interior; see text); there-
fore, the electrodes record no potential difference between them (0 voltage; i.e., isoelectric). (B) Muscle depolarizes
beginning at the left side, and a wave of depolarization (arrow) travels from left to right across the muscle. The sep-
aration of charges in the partially depolarized muscle results in a positive voltage recording (analogous to the QRS
complex). (C) All of the muscle is depolarized (all cells negative on the outside), so that there is no separation of
charge and therefore no potential difference (isoelectric; analogous to the ST segment). (D) Partially repolarized mus-
cle; the last cells to depolarize are the first to repolarize, resulting in a wave of repolarization (arrow) moving from
right to left. The separation of charges results in a positive voltage recording (analogous to the T wave). (E) Muscle

fully repolarized as in A.

entire muscle mass, all of the cells on the out-
side are negative, and once again, no potential
difference exists between the two electrodes
(i.e., isoelectric voltage) (Fig. 2-14, panel C).
Because the movement of the wave of depo-
larization is time dependent, we initially see
zero voltage (panel A) followed by a transient
positive voltage deflection (panel B), ending
once again at zero voltage (panel C). This pat-
tern depicts in simplistic terms the process of
atrial and ventricular depolarizations, and the
way the P wave and QRS complex, respec-
tively, are generated.

All of the cells are depolarized for only a
brief period of time, after which they undergo
repolarization. For this model, assuming that
the last cells to depolarize are the first to re-
polarize, a wave of repolarization would move
from right-to-left (panel D). As repolarization
occurs, cells on the right (nearest to the posi-
tive electrode) are the first to become positive
again on the outside. This event results in a
potential difference between the electrodes,
with the positive electrode “seeing” a positive
polarity and therefore recording a positive
voltage. After the wave of repolarization
sweeps across the entire mass and all the cells
become repolarized, the entire surface is once
again positive and no potential difference ex-
ists between the electrodes (i.e., isoelectric

voltage) (Fig. 2-14, panel E). By convention, a
wave of repolarization moving away from a
positive electrode produces a positive voltage
difference. This repolarization direction is
what happens in the ventricle and explains
why the T wave, which represents ventricular
repolarization, is normally positive. If the
wave of repolarization were to begin with the
first cells that depolarized, the wave would
travel toward the positive electrode, and a
negative voltage deflection would be
recorded. Therefore, by convention, a wave of
repolarization moving toward a positive elec-
trode produces a negative voltage deflection in
the ECG. This repolarization direction is what
happens in the atria. If atrial repolarization
could be seen in the ECG, the waveform
would have a negative voltage deflection.

Vectors and Mean Electrical Axis

The simplified model presented in Figure
2-14 depicts single waves of depolarization
and repolarization. In reality, there is no single
wave of electrical activity through the muscle.
As illustrated for the atria in Figure 2-15,
when the SA node fires, many separate depo-
larization waves emerge from the SA node
and travel throughout the atria. These sepa-
rate waves can be depicted as arrows repre-
senting individual electrical vectors. At any
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FIGURE 2-15 Electrical vectors. Instantaneous individual
vectors of depolarization (black arrows) spread across
the atria after the sinoatrial (SA) node fires. The mean
electrical vector (red arrow) represents the sum of the
individual vectors at a given instant in time.

given instant, many individual vectors exist;
each one represents action potential conduc-
tion in a different direction. A mean electri-
cal vector can be derived at that instant by
summing the individual vectors.

The direction of the mean electrical vector
relative to the axis between the recording
electrodes determines the polarity and magni-
tude of the recorded voltage (Fig. 2-16). If the
mean electrical vector is pointing toward the
positive electrode, the ECG displays a positive
deflection (positive voltage). If at some other
instant the mean electrical vector is pointing
away from the positive electrode, there is a
negative deflection (negative voltage). If the

FIGURE 2-16 Recording of electrical vectors.
Orientation of the mean electrical vector of depolariza-
tion relative to the recording electrodes determines the
polarity of the recording. Arrow 1, which is heading di-
rectly toward the positive electrode, gives the greatest
positive deflection. As the vector moves around the axis
to the left, and therefore moves away from the positive
electrode, the recorded voltage becomes less positive,
and then negative as the vector heads away from the
positive electrode. No net voltage is present when the
vector is perpendicular to the axis between the two
electrodes.

mean electrical vector is oriented perpendicu-
lar to the axis between the positive and nega-
tive electrodes, there is no net change in volt-
age.

The preceding discussion describes a mean
electrical vector determined at a specific point
in time (i.e., an instantaneous mean vec-
tor). If a series of instantaneous mean vectors
is determined over time, it is possible to de-
rive an average mean vector that represents all
of the individual vectors over time. Figure
2-17 depicts the sequence of depolarization
within the ventricles by showing four different
mean vectors representing different times
during depolarization. This model shows the
septum and free walls of the left and right
ventricles; each of the four vectors is depicted
as originating from the AV node. The size of
the vector arrow is related to the mass of tis-
sue undergoing depolarization. The larger the
arrow (and tissue mass), the greater the mea-
sured voltage. The electrode placement rep-
resents lead II (see the next section, ECG
Leads). Early during ventricular activation,
the interventricular septum depolarizes from
left to right as depicted by mean electrical
vector 1. This small vector is heading away
from the positive electrode (to the right of a
line perpendicular to the lead axis) and there-
fore records a small negative deflection (the Q
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FIGURE 2-17 Generation of QRS complex from vectors
representing ventricular depolarization. Arrows 1-4 rep-
resent the time-dependent sequence of ventricular de-
polarization and the way these time-dependent vectors
generate the QRS complex. The relationship of the pos-
itive and negative recording electrodes relative to the
ventricle depicts lead Il. See the text for more details.



wave of the QRS). About 20 milliseconds
later, the mean electrical vector points down-
ward toward the apex (vector 2), and heads to-
ward the positive electrode. This direction
gives a very tall, positive deflection (the R
wave of the QRS). After another 20 millisec-
onds, the mean vector is directed toward the
left arm and anterior chest as the free wall of
the ventricle depolarizes from the endocardial
(inside) to epicardial (outside) surface (vector
3). This vector still records a small positive
voltage in lead IT and corresponds to a voltage
point between the R and S waves. Finally, the
last regions to depolarize result in vector 4,
which causes a slight negative deflection (the
S wave) of the QRS because it is pointed away
from the positive electrode. If the four vectors
in Figure 2-15 are summed, the resultant vec-
tor (red arrow) is the mean electrical axis.
The mean electrical axis is the average ven-
tricular depolarization vector over time;
therefore, it is the average of all of the instan-
taneous mean electrical vectors ()ccurring se-
quentially during ventricular depolarization.
The determination of mean electrical axis is
particularly significant for the ventricles. It is
used diagnostically to identify left and right
axis deviations, which can be caused by a
number of factors, including conduction
blocks in a bundle branch and ventricular hy-
pertrophy.

It is important to note that the shape of the
QRS complex can change considerably de-
pending on the placement of the recording
electrodes. For example, if the polarity of the
electrodes were reversed in Figure 2-17, the
QRS complex would be inverted: a small pos-
itive deflection, followed by a large negative
deflection, and ending with a small positive
deflection.

Based on the previous discussion, the fol-
lowing rules can be used in interpreting the
ECG:

1. A wave of depolarization traveling to-
ward a positive electrode results in a
positive deflection in the ECG trace.
[Corollary: A wave of depolarization travel-
ing away from a positive electrode results
in a negative deflection.]
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2. A wave of repolarization traveling to-
ward a positive electrode results in a
negative deflection. [Corollary: A wave
of repolarization traveling away from a pos-
itive electrode results in a positive deflec-
tion.]

3. A wave of depolarization or repolariza-
tion oriented perpendicular to an elec-
trode axis has no net deflection.

4. The instantaneous amplitude of the
measured potentials depends upon the
orientation of the positive electrode
relative to the mean electrical vector.

5. Voltage amplitude (positive or nega-
tive) is directly related to the mass of
tissue undergoing depolarization or
repolarization.

The first three rules are derived from the
volume conductor models described earlier.
The fourth rule takes into consideration that,
at any given point in time during depolariza-
tion in the atria or ventricles, many separate
waves of depolarization are traveling in differ-
ent directions relative to the positive elec-
trode. The recording by the electrode reflects
the average, instantaneous direction and mag-
nitude (i.e., the mean electrical vector) for all
of the individual depolarization waves. The
fifth rule states that the amplitude of the wave
recorded by the ECG is directly related to the
mass of the muscle undergoing depolarization
or repolarization. For example, when the mass
of the left ventricle is increased (i.e., ventricu-
lar hypertrophy), the amplitude of the QRS
complex, which largely represents left ventric-
ular depolarization, is sometimes increased

(depending on the degree of hypertrophy).

ECG Leads: Placement of Recording
Electrodes

The ECG is recorded by placing an array of
electrodes at specific locations on the body
surface. Conventionally, electrodes are placed
on each arm and leg, and six electrodes are
placed at defined locations on the chest.
Three basic types of ECG leads are recorded
by these electrodes: standard limb leads, aug-
mented limb leads, and chest leads. These
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electrode leads are connected to a device that
measures potential differences between se-
lected electrodes to produce the characteristic
ECG tracings. The limb leads are sometimes
referred to as bipolar leads because each lead
uses a single pair of positive and negative elec-
trodes. The augmented leads and chest leads
are unipolar leads because they have a single
positive electrode with the other electrodes
coupled together electrically to serve as a
common negative electrode.

ECG Limb Leads

Standard limb leads are shown in Figure
2-18. Lead I has the positive electrode on the
left arm and the negative electrode on the
right arm, therefore measuring the potential
difference across the chest between the two
arms. In this and the other two limb leads, an
electrode on the right leg is a reference elec-
trode for recording purposes. In the lead II
configuration, the positive electrode is on the
left leg and the negative electrode is on the
right arm. Lead III has the positive electrode
on the left leg and the negative electrode on
the left arm. These three limb leads roughly
form an equilateral triangle (with the heart at

RA LA

SN

RL LL
FIGURE 2-18 Placement of the standard ECG limb leads
(leads I, Il, and 1ll) and the location of the positive and

negative recording electrodes for each of the three
leads. RA, right arm; LA, left arm; RL, right leg; LL, left
leg.

the center), called Einthoven’s triangle in
honor of Willem Einthoven who developed
the ECG in 1901. Whether the limb leads are
attached to the end of the limb (wrists and an-
kles) or at the origin of the limbs (shoulder
and upper thigh) makes virtually no difference
in the recording because the limb can be
viewed as a wire conductor originating from a
point on the trunk of the body. The electrode
located on the right leg is used as a ground.

When using the ECG rules described in
the previous section, it is clear that a wave of
depolarization heading toward the left arm
gives a positive deflection in lead I because
the positive electrode is on the left arm.
Maximal positive deflection of the tracing oc-
curs in lead I when a wave of depolarization
travels parallel to the axis between the right
and left arms. If a wave of depolarization
heads away from the left arm, the deflection is
negative. In addition, a wave of repolarization
moving away from the left arm is seen as a
positive deflection.

Similar statements can be made for leads 11
and III, with which the positive electrode is
located on the left leg. For example, a wave of
depolarization traveling toward the left leg
gives a positive deflection in both leads IT and
IIT because the positive electrode for both
leads is on the left leg. A maximal positive de-
flection is obtained in lead II when the depo-
larization wave travels parallel to the axis be-
tween the right arm and left leg. Similarly, a
maximal positive deflection is obtained in lead
IT when the depolarization wave travels paral-
lel to the axis between the left arm and left
leg.

If the three limbs of Einthoven’s triangle
(assumed to be equilateral) are broken apart,
collapsed, and superimposed over the heart
(Fig. 2-19), the positive electrode for lead T is
defined as being at zero degrees relative to the
heart (along the horizontal axis; see Figure
2-19). Similarly, the positive electrode for lead
IT is +60° relative to the heart, and the posi-
tive electrode for lead III is +120° relative to
the heart, as shown in Figure 2-19. This new
construction of the electrical axis is called the
axial reference system. Although the desig-
nation of lead I as being 0°, lead II as being
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FIGURE 2-19 Transformation of leads |, Il, and Il from Einthoven’s triangle into the axial reference system. Leads |, Il,
and Il correspond to 0°, 60°, and 120° in the axial reference system. RA, right arm; LA, left arm; LL, left leg.

+60°, and so forth is arbitrary, it is the ac-
cepted convention. With this axial reference
system, a wave of depolarization oriented at
+60° produces the greatest positive deflection
in lead II. A wave of depolarization oriented
+90° relative to the heart produces equally
positive deflections in both leads IT and III. In
the latter case, lead I shows no net deflection
because the wave of depolarization is heading
perpendicular to the 0° or lead I, axis (see
ECG rules).

Three augmented limb leads exist in ad-
dition to the three bipolar limb leads de-
scribed. Each of these leads has a single posi-
tive electrode that is referenced against a
combination of the other limb electrodes. The
positive electrodes for these augmented leads
are located on the left arm (aV, ), the right arm
(aVy), and the left leg (aVy; the “F” stands for
“foot”). In practice, these are the same posi-
tive electrodes used for leads I, II, and III.
(The ECG machine does the actual switching
and rearranging of the electrode designa-
tions.) The axial reference system in Figure
2-20 shows that the aV, lead is at —30° relative
to the lead I axis; aVy is at —150°, and aVy is at
+90°. It is critical to learn which lead is asso-
ciated with each axis.

The three augmented leads, coupled with
the three standard limb leads, constitute the
six limb leads of the ECG. These leads record
electrical activity along a single plane, the
frontal plane relative to the heart. The direc-
tion of an electrical vector can be determined

FIGURE 2-20 The axial reference system showing the
location within the axis of the positive electrode for all
six limb leads.

at any given instant using the axial reference
system and these six leads. If a wave of depo-
larization is spreading from right to left along
the 0° axis (heading toward 0°), lead T shows
the greatest positive amplitude. Likewise, if
the direction of the electrical vector for depo-
larization is directed downward (+90°), aVy
shows the greatest positive deflection.

Determining the Mean Electrical Axis

from the Six Limb Leads

The mean electrical axis for the ventricle can
be estimated by using the six limb leads and
the axial reference system. The mean electri-
cal axis corresponds to the axis that is perpen-
dicular to the lead axis with the smallest net
QRS amplitude (net amplitude = positive mi-
nus negative deflection voltages of the QRS
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complex). If, for example, lead III has the
smallest net amplitude (a biphasic ECG with
equal positive and negative deflections) and
leads I and II are equally positive, the mean
electrical axis is perpendicular to lead III,
which is 120° minus 90°, or +30° (see Figure
2-20). In this example, lead aVy, has the great-
est negative deflection.

It is often important to determine if there
is a significant deviation in the mean electrical
axis from a normal range, which is between
—30° and +90° (some authors define the nor-
mal range as between 0° and +90°). Less than
-30° is considered a left axis deviation, and
greater than +90° is considered a right axis
deviation. Axis deviations can occur because
of the physical position of the heart within the
chest or changes in the sequence of ventricu-
lar activation (e.g., conduction defects). Axis
deviations also can occur if ventricular regions
are incapable of being activated (e.g., in-
farcted tissue). Ventricular hypertrophy can
display axis deviation (a left shift for left ven-
tricular hypertrophy and a right shift for right
ventricular hypertrophy).

ECG Chest Leads

The last ECG leads to consider are the unipo-
lar, precordial chest leads. These six positive
electrodes are placed on the surface of the

chest over the heart to record electrical activ-
ity in a horizontal plane perpendicular to the
frontal plane (Fig. 2-21). The six leads are
named V,-V,. V, is located to the right of the
sternum over the fourth intercostal space,
whereas V is located laterally (midaxillary
line) on the chest over the fifth intercostal
space. With this electrode placement, V, over-
lies the right ventricular free wall, and Vj
overlies the left ventricular lateral wall. The
rules of interpretation are the same as for the
limb leads. For example, a wave of depolariza-
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FIGURE 2-21 Placement of the six precordial chest
leads. These electrodes record electrical activity in the
horizontal plane, which is perpendicular to the frontal
plane of the limb leads.

CASE 2-2

or net positive deflections?

A patient’s ECG recording shows that the net QRS deflection is zero (equally positive
and negative deflections) in lead I, and that leads Il and Il are equally positive. What is
the mean electrical axis? How would leads aV, and aV; appear in terms of net negative

The QRS complex has no net deflection in lead I (i.e., equally positive and negative
deflections), which indicates that the mean electrical axis is perpendicular (90°) to lead
| (see Rule 3); therefore, it is either at —-90° or +90° because the axis for lead | is 0° by
definition. Because the QRS is positive in leads Il and Ill, the mean electrical axis must
be oriented toward the positive electrode on the left leg, which is used for leads Il and
Ill. Therefore, the mean electrical axis cannot be —90°, but is instead +90°. Both aV,
and aVi leads would have net negative deflections because the direction of the mean
electrical axis is away from these two leads, which are oriented at —30° and -150°, re-
spectively (see Figure 2-20). Furthermore, the net negative deflections in these two
augmented leads would be of equal magnitude because each lead axis differs from the
mean electrical axis by the same number of degrees.




tion traveling toward a particular electrode on
the chest surface elicits a positive deflection.
Normal electrical activation of the ventricles
results in a net negative deflection in V, and a
net positive deflection in V.

ELECTROPHYSIOLOGICAL CHANGES
DURING CARDIAC ISCHEMIA
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ers to be active, leading to changes in rhythm
and ectopic beats. Finally, cellular hypoxia re-
sults in the accumulation of intracellular cal-
cium, which can lead to afterdepolarizations
and tachycardia.

SUMMARY OF IMPORTANT
CONCEPTS

The ECG is a key tool for diagnosing myocar-
dial ischemia and infarction. When the heart
becomes ischemic (i.e., when oxygen delivery
is inadequate relative to oxygen demand),
electrophysiological changes occur that can al-
ter both rhythm and conduction. The ECG
can identify the extent, location, and progress
of damage to the heart following ischemic in-
jury. This assessment is made by evaluating
changes in the electrical activity of the heart
by using the 12-lead ECG recording. For ex-
ample, altered conduction can result in exag-
gerated Q waves in specific leads following
some types of myocardial infarction. Ischemia
can also damage conduction pathways, leading
to arrhythmias or changes in the shape of the
QRS complex. Furthermore, ischemia can
produce injury currents flowing from the de-
polarized ischemic regions to normal regions
that can shift the isoelectric portions of the
ECG, resulting in upward or downward shifts
in the ST segment. The mechanisms by which
ischemia and infarction alter the ECG are
complex and not fully understood. We do
know, however, that tissue hypoxia caused by
ischemia results in membrane depolarization.
As ATP levels decline during hypoxia, there is
a net loss of K* as it leaks out of cells through
Kyrp channels (normally inhibited by ATP)
and as a result of decreased activity of the
Na*/K*-ATPase pump. Increased extracellu-
lar K*, coupled with decreased intracellular
K*, causes membrane depolarization. This
depolarization inactivates fast sodium chan-
nels as previously described, thereby decreas-
ing action potential upstroke velocity. One re-
sult is decreased conduction velocity. Changes
in refractory period and conduction velocity
can lead to reentry currents and tachycardia.
Membrane depolarization also alters pace-
maker activity and can cause latent pacemak-

e The membrane potential is determined
primarily by the concentration differences
of ions, particularly sodium, potassium, and
calcium, across the cell membrane and by
the relative conductances of the membrane
to these ions.

e The resting membrane potential is very
close to the potassium equilibrium poten-
tial (calculated from Nernst equation) be-
cause the relative conductance of potas-
sium is much higher than the relative
conductances of sodium and calcium in the
resting cell.

e Jons move across the cell membrane
through ion selective channels, which have
open (activated) and closed (inactivated)
states that are regulated by either mem-
brane voltage or by receptor-coupled signal
transduction mechanisms.

e Concentrations of sodium, potassium, and
calcium across the cell membrane are
maintained by the Na*/K*-ATPase pump,
the Na*/Ca** exchanger, and the Ca**-
ATPase pump. These ion transport systems
are electrogenic and therefore contribute
several millivolts to the negative mem-
brane potential.

o Nonpacemaker cardiac action potentials are
characterized as having very negative resting
potentials (approximately —-90 mV), a rapid
phase 0 depolarization produced primarily
by a transient increase in sodium conduc-
tance, and a prolonged plateau phase (phase
2) generated primarily by inward calcium
currents through L-type calcium channels;
increased potassium conductance repolar-
izes the cells during phase 3.

e Pacemaker action potentials (e.g., those
found in SA nodal cells) have no true rest-
ing potential. Instead, these cells sponta-
neously depolarize from about —65 mV to a
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threshold voltage of about —40 mV (phase
4) owing in part to special pacemaker cur-
rents (I;). Upon reaching the threshold for
action potential generation, calcium con-
ductance increases as L-type calcium chan-
nels become activated (fast sodium chan-
nels are inactivated in pacemaker cells),
which causes depolarization (phase 0). As
the calcium channels close, potassium con-
ductance increases and the cell repolarizes.
Pacemaker activity is regulated by sympa-
thetic and parasympathetic (vagal) nerves
as well as circulating hormones. At rest, SA
nodal activity is strongly influenced by va-
gal activity (vagal tone), which significantly
reduces the intrinsic SA nodal firing rate to
approximately 60 to 80 beats/minute.
Pacemaker activity, and therefore heart
rate (chronotropy), is increased by sympa-
thetic activation and vagal inhibition.
Conduction of action potentials within the
heart is primarily cell-to-cell, although spe-
cialized conduction pathways (e.g., bundle
of His, bundle branches, Purkinje fibers)
exist within the heart that ensure rapid dis-
tribution of the conducted action poten-
tials. Conduction velocity (dromotropy) is
increased by activation of sympathetic
nerves and decreased by parasympathetic
activation.

The AV node, which is normally the only
electrical bridge between the atria and ven-
tricles, decreases the conduction velocity
between the atria and ventricles, thereby
allowing sufficient time for atrial contrac-
tion to contribute to ventricular filling.
Although the SA node is the primary pace-
maker within the heart, cells located within
the AV node and ventricular conducting
system can also serve as pacemakers if the
SA node fails or conduction is blocked be-
tween the atria and ventricles (AV nodal
block).

The ECG measures electrical activity of
the heart through an array of electrodes
placed on the arms, legs, and chest (12-lead
ECG). The ECG evaluates rhythm and
conduction by examining the appearance
(amplitude, duration, and shape) of specific
waveforms that represent atrial depolariza-

tion (P wave), ventricular depolarization
(QRS complex), and ventricular repolariza-
tion (T wave).

Different ECG leads view the electrical ac-
tivity of the heart from different angles.
Each limb lead (I, 11, III, aVy, aV,, and aVy)
can be represented by an electrical axis on a
frontal plane from which the direction of
depolarization and repolarization vectors
within the heart can be determined using
standard rules of interpretation (e.g., a wave
of depolarization traveling toward a positive
electrode produces a positive voltage in the
ECG). Chest leads (V;-Vs;) measure the
electrical activity in a horizontal plane that
is perpendicular to the frontal plane.

Please refer to the appendix for the answers

to the review questions.

For each question, choose the one best

answer:

1. Which one of the following depolarizes
the resting membrane potential in a car-
diac myocyte?

a. Decreased calcium conductance

b. Decreased sodium conductance

c. Increased potassium conductance

d. Inhibition of the sarcolemmal
Na*/K*-ATPase

2. Fast sodium channels are inactivated
a. During phase 0 of a ventricular ac-
tion potential.
b. When the h-gates open.
By slow depolarization of the cell.
d. More slowly than L-type calcium
channels are inactivated.

e

3. The relative potassium conductance is
highest during which of the following
phases of a ventricular action potential?

a. Phase 0
b. Phase 2
c. Early phase 3
d. Phase 4
4. In sinoatrial (SA) nodal action potentials,

a. B,-adrenoceptor activation increases
pacemaker current (I)).



b. Fast sodium channels are responsi-
ble for phase 0.

c. Potassium conductance is highest
during phase 0.

d. Vagal stimulation increases the slope
of phase 4.

5. The normal sequence of conduction

within the heart is

a. SA node — atrioventricular (AV)
node — bundle of His — bundle
branches — Purkinje fibers

b. SA node — bundle of His — AV
node —bundle branches — Purkinje
fibers

¢. AV node — SA node — bundle of
His — bundle branches — Purkinje
fibers

d. SA node — AV node — bundle of
His — Purkinje fibers — bundle
branches

6. Conduction velocity within the AV node is

increased by
a. Blocking B,-adrenoceptors.
b. Blocking muscarinic (M,) receptors.
c. Depolarizing the AV node.
d. Blocking L-type calcium channels.

7. In a normal ECG,

a. The P-R interval is greater than 0.2
seconds.

b. The ST segment represents the du-
ration of the ventricular action po-
tential.

c. The T wave represents ventricular
repolarization.

d. The duration of the QRS is greater
than 0.2 seconds.
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. Which one of the following ECG leads

has the positive electrode on the left arm?
a. Lead I
b. Lead II
c. aVy
d. aVg

. What is the approximate mean electrical

axis for ventricular depolarization when
the QRS is equally biphasic in lead IT (no
net deflection), and aV; has the most
positive deflection?

a. —30°

b. 0°

c. +60°

d. +120°

An ECG rhythm strip shows a complete
dissociation between P waves and QRS
complexes. The atrial rate is 95 beats/min
and regular, and the ventricular rate is
about 60 beats/min and regular. The QRS
complexes are of normal shape and dura-
tion. This ECG represents

a. First-degree AV nodal block.

b. Second-degree AV nodal block.

c. Third-degree AV nodal block.

d. Premature ventricular complexes.
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LEARNING OBJECTIVES

Understanding the concepts presented in this chapter will enable the student to:

1.

w

10.

Describe the function of the following cellular components of cardiac myocytes: sar-
colemma, intercalated disks, transverse (T)-tubules, myofibrils, myofilaments, sarcomeres,
sarcoplasmic reticulum, and terminal cisternae.

. Describe the composition of thick and thin myofilaments in cardiac myocytes.

. Describe the significance of a functional syncytium within the heart.

. Describe the steps of excitation—contraction coupling, including the role of T tubules, L-
type calcium channels, trigger calcium, terminal cisternae, ryanodine receptors (calcium-
release channels), troponin-C (TN-C), troponin-I (TN-I), troponin-T (TN-T), actin, myosin
heads, adenosine triphosphate (ATP) hydrolysis, and sarco-endoplasmic reticulum calcium
adenosine triphosphatase (SERCA) pump.

. List several mechanisms involved in the regulation of cardiac inotropy and lusitropy.
. List in order of preference the metabolic substrates used by the heart, and summarize the

importance of oxidative metabolism relative to anaerobic metabolism.

. Draw the cross section of a muscular artery, label the three layers, and list the major com-

ponents of each layer.

Contrast the organization of actin and myosin in vascular smooth muscle with the organi-
zation of these myofilaments in cardiac myocytes.

Describe the mechanism of vascular smooth muscle contraction and include descriptions
of the roles of calcium, calmodulin, and myosin light chain kinase.

Compare the effects of inositol triphosphate (IP;) and cyclic adenosine monophosphate
(cAMP) signal transduction pathways on the contraction of cardiac muscle and vascular
smooth muscle.
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11. List the major agonists that are associated with the following guanine nucleotide-
binding regulatory protein (G-protein) coupled systems: inhibitory G-protein (Gi-
protein), stimulatory G-protein (Gs-protein), and phospholipase C-coupled Gqg-protein.
Describe the effects of these agonists on cardiac and smooth muscle contraction.

12. Describe the vascular effects of endothelial-derived nitric oxide (NO), prostacyclin (PGl,),

and endothelin-1 (ET-1).

INTRODUCTION

Many different cell types are associated with
the cardiovascular system. This chapter exam-
ines the structure and function of three major
types of structural cells that serve important
roles in cardiovascular function: cardiac myo-
cytes, vascular smooth muscle, and vascular
endothelium.

CARDIAC CELL STRUCTURE AND
FUNCTION

Myocytes and Sarcomeres

Cardiac myocytes represent a type of striated
muscle, so-called because crossbands or cross
striations are observed microscopically.
Although cardiac muscle shares some struc-
tural and functional similarities with skeletal
muscle, it has several important differences.
Cardiac myocytes are generally single nucle-
ated and have a diameter of approximately 25
pwm and a length of about 100 pm. In contrast,
although some types of skeletal muscle myo-
cytes may have a similar diameter, their cell
lengths run the entire length of the muscle
and therefore can be many centimeters long.
Cardiac myocytes form a branching network
of cells that is sometimes referred to as a func-
tional syneytium, which results from a fusion
of cells. Individual myocytes connect to each
other by way of specialized cell membranes
called intercalated disks. Gap junctions
within these intercellular regions serve as low-
resistance pathways between cells, permitting
cell-to-cell conduction of electrical (ionic)
currents. Therefore, if one cardiac myocyte is
electrically stimulated, cell-to-cell conduction
ensures that the electrical impulse will travel
to all of the interconnected myocytes. This
arrangement allows the heart to contract as a

unit (i.e., as a syncytium). In contrast, individ-
ual skeletal muscle cells are innervated by mo-
tor neurons, which utilize neuromuscular
transmission to activate individual muscle
fibers to contract. No cell-to-cell electrical
conduction occurs in skeletal muscle.

The cardiac myocyte is composed of bundles
of myofibrils that contain myofilaments (Fig.
3-1). When myocytes are viewed microscopi-
cally, distinct repeating lines and bands can be
seen, each of which represents different myofil-
ament components. The segment between two
Z-lines represents the basic contractile unit of
the myocyte, the sarcomere. The length of
each sarcomere under physiologic conditions
ranges from about 1.6 to 22 pm in human
hearts. As described later and in Chapter 4, the
length of the sarcomere is an important deter-
minant of the force of myocyte contraction.

The sarcomere contains thick and thin fil-
aments, which represent about 50% of the
cell volume (see Fig. 3-1). Thick filaments are
comprised of myosin, whereas thin filaments
contain actin and other associated proteins.
Chemical interactions between the actin and
myosin filaments during the process of excita-
tion—contraction coupling (see the next sec-
tion) cause the sarcomere to shorten as the
myosin and actin filaments slide past each
other, thereby shortening the distance be-
tween the Z-lines. Within the sarcomere, a
large, filamentous protein called titin exists. It
connects the myosin filament to the Z-lines,
which helps to keep the thick filament cen-
tered within the sarcomere. Because of its
elastic properties, titin plays an important role
in the passive mechanical properties of the
heart (see Chapter 4). In addition to titin,
myosin, and actin, a number of other proteins
form the cytoskeleton of myocytes, connect-
ing the internal and external cell components.
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Intercalated
disc

Myofibrils

Myocyte

FIGURE 3-1 Structure of cardiac myocytes. The myocytes are joined together by intercalated discs to form a func-
tional syncytium (right side of the figure). Myocytes are composed of myofibrils, each of which contains myofilaments
that are composed largely of actin (thin filaments) and myosin (thick filaments) (left side of the figure). Myosin is an-

chored to the Z-line by the protein titin. The sarcomere,

Myosin is a large molecular weight pro-
tein. Within each sarcomere, myosin mole-
cules are bundled together so that there are
about 300 molecules of myosin per thick fila-
ment. Each myosin molecule contains two
heads, which serve as the site of myosin
adenosine triphosphatase (myosin ATPase),
an enzyme that hydrolyzes adenosine triphos-
phate (ATP). ATP is required for the cross-
bridge formation between the thick and thin
filaments. The molecule’s heads interact with
a binding site on actin (Fig. 3-2). Regulatory
subunits (myosin light chains) that can alter
the ATPase activity when phosphorylated are
associated with each myosin head.

Each thick filament is surrounded by a
hexagonal arrangement of six thin filaments.
The thin filaments are composed of actin,
tropomyosin, and troponin (Fig. 3-2). Actin is
a globular protein arranged as a chain of re-
peating globular units, forming two helical
strands. Interdigitated between the actin
strands are rod-shaped proteins called
tropomyosin. Each tropomyosin molecule is
associated with seven actin molecules.
Attached to the tropomyosin at regular inter-
vals is the troponin regulatory complex, made
up of three subunits: troponin-T (TN-T),
which attaches to the tropomyosin; troponin-
C (TN-C), which serves as a binding site for

or basic contractile unit, lies between two Z-lines.

Myosin

Mvosi
yosin Heads

TN-C
e

N o@ TN-T

/

Actin

FIGURE 3-2 Composition of cardiac thick and thin myo-
filaments. The thick filaments are composed of myosin
molecules, with each molecule having two myosin heads,
which serve as the site of the myosin ATPase. Thin fila-
ments are composed of actin, tropomyosin, and regula-
tory proteins (troponin complex, TN) having three sub-
units: TN-T (binds to tropomyosin), TN-C (binds to
calcium ions), and TN-I (inhibitory troponin, which binds
to actin). Calcium binding to TN-C produces a conforma-
tion change in the troponin-tropomyosin complex that
exposes a myosin binding site on the actin, leading to
ATP hydrolysis. For simplicity, this figure shows only one
actin strand and its associated tropomyosin filament.

Tropomyosin

Ca*™ during excitation—contraction coupling;
and troponin-I (TN-I), which binds to actin.
The troponin complex holds tropomyosin in
position to prevent binding of myosin heads to
actin. When Ca*™* binds to TN-C, a confor-
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mational change occurs in the troponin com-
plex such that the troponin—tropomyosin
complex moves away from the myosin-binding
site on the actin, thereby making the actin
accessible to the myosin head for binding.
When Ca** is removed from the TN-C, the
troponin—tropomyosin complex resumes its
inactivated position, thereby inhibiting
myosin-actin binding. As a clinical aside, both
TN-I and TN-T are used as diagnostic markers
for myocardial infarction because of their
release into the circulation when myocytes die.

Excitation—Contraction Coupling

Transverse Tubules and the Sarcoplasmic
Reticulum

The coupling between myocyte action poten-
tials and contraction is called excitation—
contraction coupling. To understand this
process, the internal structure of the myocyte
needs to be examined in more detail. The sar-
colemmal membrane of the myocyte sur-
rounds the bundle of myofibrils and has deep
invaginations called transverse (T) tubules
(Fig. 3-3). The T tubules, being a part of the

external sarcolemma, are open to the external

Sarcolemma

environment of the cell. This permits ionic ex-
changes between extracellular and intracellu-
lar compartments to occur deep within the
myocyte during electrical depolarization and
repolarization of the myocyte. Within the cell,
and in close association with the T tubules, is
an extensive, branching tubular network
called the sarcoplasmic reticulum. Termi-
nal cisternae are end pouches of the sar-
coplasmic reticulum that are adjacent to the T
tubules. Between the terminal cisternae and
the T tubules are electron-dense regions
called feet that are believed to sense calcium
between the T tubules and the terminal cis-
ternae. Closely associated with the sarcoplas-
mic reticulum are large numbers of mitochon-
dria, which provide the energy necessary for
myocyte contraction.

Calcium Cycling and the Function

of Regulatory Proteins

When an action potential causes depolariza-
tion of a myocyte (see Chapter 2), it initiates
excitation—contraction coupling. When the
myocyte is depolarized, calcium ions enter the
cell during the action potential through long-
lasting (L-type) calcium channels located on

Ca"”

Actin

SERCA  Phospho-
lamban

L-type
Lcalcium
channels

T-tubule

FIGURE 3-3 Role of calcium (Ca**) in cardiac excitation-contraction coupling. During action potentials, Ca** enters
cell through L-type Ca** channels. This so-called trigger Ca** is sensed by the “feet” of the calcium release channel
(ryanodine receptor, RyR) of the sarcoplasmic reticulum (SR), which releases Ca** into the cytoplasm. This Ca** binds
to troponin-C (TN-C), inducing a conformational change in the troponin-tropomyosin complex so that movement of
the troponin-tropomyosin complex exposes a myosin binding site on actin, leading to ATP hydrolysis and movement
of actin relative to myosin. Ca** is resequestered into the SR by an ATP-dependent Ca** pump, sarco-endoplasmic
reticulum calcium ATPase (SERCA) that is inhibited by phospholamban. Not shown are Ca** pumps that remove Ca**

from the cell. TN-7, troponin-I.



the external sarcolemma and T tubules (see
Fig. 3-3). It is important to note that a rela-
tively small amount of calcium enters the cell
during depolarization. By itself, this calcium
influx does not significantly increase intracel-
lular calcium concentrations except in local
regions just inside the sarcolemma. This cal-
cium is sensed by the “feet” of the calcium re-
lease channels (ryanodine receptors, or
ryanodine-sensitive calcium-release channels)
associated with the terminal cisternae. This
triggers the subsequent release of large quan-
tities of calcium stored in the terminal cister-
nae through the calcium-release channels,
which increases intracellular calcium concen-
trations a hundred-fold, from about 1077 to
10~> M. Therefore, the calcium that enters
the cell during depolarization is sometimes re-
ferred to as “trigger calcium.”

The free calcium binds to TN-C in a con-
centration-dependent manner. This induces a
conformational change in the regulatory com-
plex such that the troponin—tropomyosin com-
plex moves away from and exposes a myosin
binding site on the actin molecule. The bind-
ing of the myosin head to the actin results in
ATP hydrolysis, which supplies energy so that

a conformational change can occur in the

Actin

|

Actin-myosin
binding
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actin—myosin complex. This results in a move-
ment (“ratcheting”) between the myosin
heads and the actin. The actin and myosin fil-
aments slide past each other, thereby shorten-
ing the sarcomere length (this is referred to as
the sliding filament theory of muscle con-
traction) (Fig. 3-4). Ratcheting cycles will oc-
cur as long as the cytosolic calcium remains
elevated. Toward the end of the myocyte ac-
tion potential, calcium entry into the cell di-
minishes and the sarcoplasmic reticulum se-
questers calcium by an ATP-dependent
calcium pump, sarco-endoplasmic reticulum
calcium ATPase (SERCA; see Fig. 3-3). As in-
tracellular calcium concentration declines,
calcium dissociates from TN-C, which causes
a conformational change in the troponin—
tropomyosin complex; this again leads to tro-
ponin—tropomyosin inhibition of the actin-
binding site. At the end of the cycle, a new
ATP binds to the myosin head, displacing the
adenosine diphosphate (ADP), and the initial
sarcomere length is restored. Thus, ATP is re-
quired both for providing the energy of con-
traction and for relaxation. In the absence of
sufficient ATP as occurs during cellular hyp-
oxia, cardiac muscle contraction and relax-
ation will be impaired. The events associated
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FIGURE 3-4 Sarcomere shortening and the sliding filament theory. Calcium binding to TN-C permits actin-myosin
binding (cross-bridge formation) and ATP hydrolysis. This results in the thin filaments sliding over the myosin during
cross-bridge cycling, thereby shortening the sarcomere (distance between Z-lines). Removal of calcium from the TN-
C inhibits actin-myosin binding so that cross-bridge cycling ceases and the sarcomere resumes its relaxed length.
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with excitation—contraction coupling are sum-
marized in Table 3-1.

Regulation of Contraction
(Inotropy)

Several cellular mechanisms regulate contrac-
tion (Fig. 3-5). Most of these mechanisms ul-
timately affect calcium handling by the cell.
Changes in contraction resulting from altered
calcium handling and myosin ATPase activity
are referred to as inotropic changes (ino-

tropy). Inotropy is modulated by 1) calcium
entry into the cell through L-type calcium
channels; 2) calcium release by the sarcoplas-
mic reticulum; 3) calcium binding to TN-C; 4)
myosin phosphorylation; 5) SERCA activity;

and 6) calcium efflux across the sarcolemma.

Calcium Entry into Myocytes

The amount of calcium that enters the cell
during depolarization (Fig. 3-5, site 1) is regu-
lated largely by phosphorylation of the L-type

calcium channel. The primary mechanism for

TABLE 3-1 SUMMARY OF EXCITATION-CONTRACTION COUPLING.

1. Ca** enters cell during depolarization and triggers release of Ca** by terminal cisternae.

2. Ca** binds to TN-C, inducing a conformational change in the troponin complex.

3. Myosin heads bind to actin, leading to cross-bridge movement (requires ATP hydrolysis)

and reduction in sarcomere length.

4. Ca**is resequestered by sarcoplasmic reticulum by the SERCA pump.

5. Ca** is removed from TN-C, and myosin unbinds from actin (requires ATP); this allows
the sarcomere to resume its original, relaxed length.

ATP, adenosine triphosphate; SERCA, sarco-endoplasmic reticulum calcium ATPase; TN-C, troponin-C.

SERCA

Phospho-
lamban

L-type
calcium
channels

FIGURE 3-5 Intracellular mechanisms regulating inotropy. Inotropy can be increased by increasing Ca** influx
through L-type Ca** channels (site 1); increasing release of Ca** by the sarcoplasmic reticulum (SR) (site 2); increas-
ing troponin-C (TN-C) affinity for Ca** (site 3); increasing myosin-ATPase activity through phosphorylation of myosin
heads (site 4); increasing sarco-endoplasmic reticulum calcium ATPase (SERCA) activity by phosphorylation of phos-
pholamban (site 5); or inhibiting Ca** efflux across the sarcolemma (site 6), which can occur secondarily to inhibi-

tion of the Na*/K*-ATPase.



this regulation involves cyclic adenosine
monophosphate (cAMP), the formation of
which is coupled to B-adrenoceptors (Fig.
3-6). Norepinephrine released by sympathetic
nerves, or circulating epinephrine released by
the adrenal glands, binds primarily to ;-
adrenoceptors located on the sarcolemma.
This receptor is coupled to a specific guanine
nucleotide-binding regulatory protein (stimu-
latory G-protein; Gs-protein), that activates
adenylyl cyclase, which in turn hydrolyzes
ATP to cAMP. The cAMP acts as a second
messenger to activate protein kinase A
(cAMP-dependent protein kinase, PK-A),
which is capable of phosphorylating different
sites within the cell. One important site of
phosphorylation is the L-type calcium chan-
nel. Phosphorylation increases the permeabil-
ity of the channel to calcium, thereby increas-
ing calcium influx during action potentials.
This increase in trigger calcium enhances cal-
cium release by the sarcoplasmic reticulum,
thereby increasing inotropy. Therefore, nor-
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epinephrine and epinephrine are positive ino-
tropic agents.

Another G-protein, the inhibitory G-
protein (Gi-protein), inhibits adenylyl cyclase
and decreases intracellular cAMP. Therefore,
activation of this pathway decreases inotropy.
This pathway is coupled to muscarinic receptors
(M,) that bind acetylcholine released by
parasympathetic (vagal) nerves within the heart.
Adenosine receptors (A,) also are coupled to
the Gi-protein. Therefore, acetylcholine and
adenosine are negative inotropic agents.

Calcium Release by the Sarcoplasmic
Reticulum
Enhanced calcium release by the sarcoplas-
mic reticulum also can increase inotropy (Fig.
3-5, site 2). During B-adrenoceptor and
cAMP activation, PK-A phosphorylates sites
on the sarcoplasmic reticulum, leading to an
increase in calcium release.

Besides the cAMP pathway, a second
pathway within myocytes can affect calcium
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FIGURE 3-6 Signal transduction pathways regulating cardiac myocyte contraction. The two major pathways involve
formation of either cyclic adenosine monophosphate (CAMP) or inositol 1,4,5-triphosphate (/P;), both of which affect
Ca** release by sarcoplasmic reticulum and therefore affect contraction. R, receptor; Gs, stimulatory G-protein; Gi,
inhibitory G-protein; Gg, phospholipase C-coupled G-protein; AC, adenylyl cyclase; PL-C, phospholipase C; PIP,,
phosphatidylinositol 4,5-bisphosphate; DAG, diacylglycerol; PK-C, protein kinase C; PK-A, protein kinase A; SR, sar-
coplasmic reticulum; ATE, adenosine triphosphate; NE, norepinephrine; All, angiotensin Il; ET-1, endothelin-1; Epj, ep-

inephrine; ACh, acetylcholine; Ado, adenosine.
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release by the sarcoplasmic reticulum, al-
though this pathway appears to be less impor-
tant physiologically than the cAMP/PK-A
pathway. This second pathway involves a class
of G-proteins (Gq-proteins) that are associ-
ated with a;-adrenoceptors (binds norepi-
nephrine), angiotensin II receptors (AT, ), and
endothelin-1 receptors (ET,; see Fig. 3-6).
Activation of these receptors stimulates phos-
pholipase-C to form inositol triphosphate
(IP3) from phosphatidylinositol 4,5-bisphos-
phate (PIP,), which stimulates calcium release
by the sarcoplasmic reticulum.

Calcium Binding to TN-C

Another mechanism by which inotropy can be
modulated is by altered binding of calcium to
TN-C (Fig. 3-5, site 3). The binding of cal-
cium to TN-C is determined by the free intra-
cellular concentration of calcium and the
binding affinity of TN-C to calcium. The
greater the intracellular calcium concentra-
tion, the more calcium that is bound to TN-C,
and the more force that is generated between
actin and myosin. Increasing the affinity of
TN-C for calcium increases binding at any
given calcium concentration, thereby increas-
ing force generation. Acidosis, which occurs
during myocardial hypoxia, has been shown to
decrease TN-C affinity for calcium. This may
be one mechanism by which acidosis de-
creases the force of contraction.

Changes in calcium sensitivity may explain
in part how increases in sarcomere length (also
known as preload; see Chapter 4) leads to an
increase in force generation. It appears that in-
creased preload increases calcium sensitivity
of TN-C, thereby increasing calcium binding.
The mechanism by which changes in length in-
crease calcium affinity by TN-C is unknown.

Myosin ATPase Activity

The myosin heads have sites (myosin light
chains) that can be phosphorylated by the en-
zyme myosin light chain kinase (Fig. 3-5, site
4). Increased cAMP is known to be associated
with increased phosphorylation of the myosin
heads, which may increase inotropy. The
physiologic significance of this mechanism,
however, is uncertain.

Calcium Uptake by Sarcoplasmic
Reticulum

In addition to influencing relaxation, increas-
ing calcium transport into the sarcoplasmic
reticulum by the SERCA pump can indirectly
increase the amount of calcium released by
the sarcoplasmic reticulum (Fig. 3-5, site 5).
PK-A phosphorylation of phospholamban,
which removes the inhibitory effect of phos-
pholamban on SERCA, increases the rate of
calcium transport into the sarcoplasmic retic-
ulum. SERCA activity can also be stimulated
by increased intracellular calcium caused by
increased calcium entry into the cell or de-
creased cellular efflux. Enhanced sequester-
ing of calcium by the sarcoplasmic reticulum
increases subsequent release of calcium by
the sarcoplasmic reticulum, thereby increas-
ing inotropy.

Regulation of Calcium Efflux

from the Myocyte

The final mechanisms that can modulate ino-
tropy are the sarcolemmal Na'/Ca®™" ex-
change pump and the ATP-dependent cal-
cium pump (Fig. 3-5, site 6). As described in
Chapter 2, these pumps transport calcium out
of the cell, thereby preventing the cell from
becoming overloaded with calcium. If calcium
extrusion is inhibited, the rise in intracellular
calcium can increase inotropy because more
calcium is available to TN-C.

Digitalis and related cardiac glycosides in-
hibit the Na*/K*-ATPase, which increases in-
tracellular Na*(see Chapter 2). This leads to
an increase in intracellular Ca*™ through the
Na*/Ca™* exchange pump, leading to en-
hanced inotropy.

Regulation of Relaxation (Lusitropy)

The rate of myocyte relaxation (lusitropy) is
determined by the ability of the cell to rapidly
reduce the intracellular concentration of cal-
cium following its release by the sarcoplasmic
reticulum. This reduction in intracellular cal-
cium causes calcium that is bound to tro-
ponin-C to be released, thereby permitting
the troponin-tropomyosin complex to resume
its resting, inactivated conformation.



Several intracellular mechanisms help to
regulate lusitropy, most of which influence in-
tracellular calcium concentrations.

1. The rate that calcium enters the cell at rest
and during action potentials influences in-
tracellular concentrations. Under some
pathologic conditions (e.g., myocardial
ischemia), the cell becomes more perme-
able to calcium, leading to “calcium over-
load,” which impairs relaxation.

2. The rate with which calcium leaves the cell
through the sarcolemmal calcium ATPase
pump and the Na*/Ca*™* exchange pump
(see Chapter 2) affects intracellular con-
centrations. Inhibiting these transport sys-
tems can cause intracellular calcium con-
centrations to increase to a point at which
relaxation is impaired.

3. The activity of the SERCA pump, which
pumps calcium back into the sarcoplasmic
reticulum, has a major role in determining
intracellular  calcium  concentrations.
Lusitropy can be increased by increasing
SERCA activity through phosphorylation
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of phospholamban, a regulatory protein as-
sociated with SERCA. Phosphorylation of
phospholamban removes its inhibitory ef-
fect on SERCA. This is a normal physio-
logic mechanism in response to B-adreno-
ceptor stimulation, which increases cAMP
and PK-A, the latter of which phosphory-
lates phospholamban. The impairment of
the activity of the SERCA pump, as occurs
in some forms of heart failure, causes in-
tracellular calcium concentrations to rise,
leading to impaired relaxation.

. The binding affinity of troponin-C for cal-

cium also influences lusitropy. Calcium
binding to troponin-C can be modulated by
PK-A phosphorylation of troponin-I. This
increases calcium dissociation from tro-
ponin-C, thereby increasing relaxation.
The increased lusitropy caused by B-
adrenoceptor stimulation may be partly re-
lated to troponin-I phosphorylation. Some
drugs used to increase the force of contrac-
tion (inotropic drugs) do so by increasing
troponin-C affinity for calcium. Although
this may increase inotropy, it also may lead

PROBLEM 3-1

Describe the mechanisms by which norepinephrine, after being released by sympathetic
nerve activation, increases myocardial inotropy and lusitropy. Note that norepinephrine
primarily binds to b;-adrenoceptors, although it also can bind to o;-adrenoceptors.

Sympathetic nerve stimulation releases norepinephrine, which binds to 3;-adreno-
ceptors and «;-adrenoceptors found on cardiac myocytes. 3,-adrenoceptor activation
stimulates cAMP production through the Gs-protein. cAMP production activates pro-
tein kinase A (PK-A), which can phosphorylate L-type calcium channels, leading to an
increase in calcium influx during the action potential. Increased calcium influx triggers
increased calcium release by the sarcoplasmic reticulum, leading to increased calcium
binding by TN-C. Calcium binding increases myosin ATPase activity and forces genera-
tion. PK-A also phosphorylates phospholamban and removes its inhibition of SERCA,
which leads to increased calcium reuptake by the sarcoplasmic reticulum and increases
the rate of relaxation, or lusitropy. Increased calcium within the sarcoplasmic reticulum
subsequently enhances the release of calcium from the sarcoplasmic reticulum. In addi-
tion, PK-A may phosphorylate sites on the sarcoplasmic reticulum to enhance calcium
release. PK-A phosphorylation of TN-I also may contribute to enhanced lusitropy by al-
tering TN-C affinity for calcium. Although physiologically less important than the ;-
adrenoceptor-Gs protein pathway, norepinephrine binding to a,-adrenoceptors in-
creases the formation of IP; via Gg-protein and phospholipase C activation, which
stimulates the release of calcium from the sarcoplasmic reticulum.
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to reduced lusitropy because the calcium is
more tightly bound to the troponin-C.

Cardiac Myocyte Metabolism

The maintenance of ionic pumps and other
transport systems in living cells requires sig-
nificant amounts of energy, primarily in the
form of ATP. Cardiac myocytes have an ex-
ceptionally high metabolic rate because their
primary function is to contract repetitively.
Unlike skeletal muscle, in which contraction is
often intermittent and relatively short, cardiac
muscle contracts one to three times per sec-
ond throughout life. Repetitive cycles of con-
traction and relaxation require an enormous
amount of ATP, which the heart must produce
aerobically. This is why cardiac myocytes con-
tain such large numbers of mitochondria. In
the absence of oxygen, myocytes can contract
for no more than a minute. Unlike some types
of skeletal muscle fibers (e.g., fast twitch, gly-
colytic), cardiac myocytes have only a limited
anaerobic capacity for meeting ATP require-
ments. This limited anaerobic capacity cou-
pled with a high use of ATP explains why cel-
lular ATP concentrations fall and contractions
weaken so rapidly under hypoxic conditions.
Unlike many other cells in the body, car-
diac myocytes can use a variety of substrates
to regenerate ATP oxidatively. For example, in
an overnight fasted state, the heart uses pri-
marily fatty acids (~60%) and carbohydrates
(~40%). Following a high-carbohydrate meal,
the heart can adapt to using carbohydrates

Media

Smooth muscle

Collagen
Elastin

(primarily glucose) almost exclusively. Lactate
can be used in place of glucose, and it be-
comes an important substrate during exercise
when circulating concentrations of lactate in-
crease. The heart also can use amino acids and
ketones (e.g., acetoacetate) instead of fatty
acids.

Myocyte ATP use and oxygen consumption
increase dramatically when the frequency of
contraction (i.e., heart rate) and the force of
contraction are increased. Under these condi-
tions, more oxygen must be delivered to the
heart by the coronary circulation to support
myocyte metabolic demands. As Chapter 8
discusses, biochemical signals from the myo-
cytes dilate the coronary blood vessels to sup-
ply additional blood flow and oxygen to meet
greater oxygen demands. This ensures that
the heart is able to generate ATP by aerobic
mechanisms.

VASCULAR STRUCTURE AND
FUNCTION

Large blood vessels, both arterial and venous,
are composed of three layers — intima, media,
and adventitia (Fig. 3-7). The intima, or in-
nermost layer, is composed of a single layer of
thin endothelial cells, which are separated
from the media by a basal lamina. In larger
vessels, a region of connective tissue also ex-
ists between the endothelial cells and the
basal lamina. The media contains smooth
muscle cells, imbedded in a matrix of colla-
gen, elastin, and various glycoproteins.

Adventitia
Collagen
Fibroblasts
Vasa vasorum
Nerves

Intima
Endothelium

FIGURE 3-7 Blood vessel components. Blood vessels, except capillaries and small postcapillary venules, are composed
of three layers: intima, media, and adventitia. Capillaries and small postcapillary venules do not have media and ad-

ventitia. The primary components are given for each layer.



Depending on the size of the vessel, there
may be several layers of smooth muscle cells,
some arranged circumferentially and others
arranged helically along the longitudinal axis
of the vessel. The smooth muscles cells are or-
ganized so that their contraction reduces the
vessel diameter. The ratio of smooth muscle,
collagen, and elastin, each of which has differ-
ent elastic properties, determines the overall
mechanical properties of the vessel. For ex-
ample, the aorta has a large amount of elastin,
which enables it to passively expand and con-
tract as blood is pumped into it from the
heart. This mechanism enables the aorta to
dampen the arterial pulse pressure (see
Chapter 5). In contrast, smaller arteries and
arterioles have a relatively large amount of
smooth muscle, which is required for these
vessels to contract and thereby regulate arte-
rial blood pressure and organ blood flow. The
outermost layer, or adventitia, is separated
from the media by the external elastic lamina.
The adventitia contains collagen, fibroblasts,
blood vessels (vasa vasorum found in large
vessels), lymphatics, and autonomic nerves
(primarily sympathetic adrenergic). The
smallest vessels, capillaries, are composed of
endothelial cells and a basal lamina; they are
devoid of smooth muscle.

Calveolae
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Vascular Smooth Muscle Cells

Cellular Structure of Vascular Smooth
Muscle

Vascular smooth muscle cells are typically
5-10 pm in diameter and vary from 50-200
pm in length. Numerous small invaginations
(caveolae) found in the cell membrane sig-
nificantly increase the surface area of the cell
(Fig. 3-8). The sarcoplasmic reticulum is
poorly developed compared with the sar-
coplasmic reticulum found in cardiac myo-
cytes. Contractile proteins (actin and myosin)
are present; however, the actin and myosin in
smooth muscle are not organized into distinct
bands of repeating units as they are in cardiac
and skeletal muscle. Instead, bands of actin
filaments are joined together and anchored by
dense bodies within the cell or dense bands
on the inner surface of the sarcolemma, which
function like Z-lines in cardiac myocytes.
Each myosin filament is surrounded by sev-
eral actin filaments. Similar to cardiac my-
ocytes, vascular smooth muscle cells are elec-
trically connected by gap junctions. These
low-resistance intercellular connections allow
propagated responses along the length of
the blood vessels. For example, electrical de-
polarization and contraction of a local site on

Enlarged cross-section
of actin and myosin

FIGURE 3-8 Vascular smooth muscle cell structure. Actin and myosin filaments are connected by dense bodies and
dense bands. Each myosin filament is surrounded by several actin filaments. N, nucleus.
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an arteriole can result in depolarization at a
distant site along the same vessel, indicating
cell-to-cell propagation of the depolarizing
currents.

Vascular Smooth Muscle Contraction
Contractile characteristics and the mecha-
nisms responsible for contraction differ con-
siderably between vascular smooth muscle
and cardiac myocytes. Vascular smooth mus-
cle tonic contractions are slow and sustained,
whereas cardiac muscle contractions are rapid
and relatively short (a few hundred millisec-
onds). In blood vessels, the smooth muscle is
normally in a partially contracted state, which
determines the resting tone or diameter of the
vessel. This tonic contraction is determined by
a number of stimulatory and inhibitory influ-
ences acting on the vessel (see Chapter 5, Fig.
5-9, and Chapters 6 and 7); the most impor-
tant of these are sympathetic adrenergic
nerves, circulating hormones (e.g., epineph-
rine, angiotensin II), substances released by
the endothelium lining the vessel, and vasoac-
tive substances released by the tissue sur-
rounding the blood vessel.

Vascular smooth muscle contraction can be
initiated by electrical, chemical, and mechan-
ical stimuli. Electrical depolarization of the

Ca++

MLC  ATp

Ca™+ Calmodulin

Catt Calmodulin

< MLCK

vascular smooth muscle cell membrane elicits
contraction primarily by opening voltage-
dependent calcium channels (L-type calcium
channels), which causes an increase in the in-
tracellular concentration of calcium. Elec-
trical depolarization occurs through changes
in ion concentrations (e.g., depolarization in-
duced by increased extracellular potassium)
or by the receptor-coupled opening of ion
channels, particularly calcium channels.

Many different chemical stimuli, such as
n()repinephrine, epinephrine, angiotensin II,
vasopressin, endothelin-1, and thromboxane
A, can elicit contraction. Each of these sub-
stances binds to specific receptors on the vas-
cular smooth muscle cell. Different signal
transduction pathways converge to increase
intracellular calcium, thereby eliciting con-
traction.

Mechanical stimuli in the form of pas-
sive stretching of smooth muscle in some
arteries can cause a contraction that origi-
nates from the smooth muscle itself and is
therefore termed a myogenic response.
This probably results from stretch-induced
activation of ionic channels that leads to cal-
cium influx.

Figure 3-9 illustrates the mechanism by
which an increase in intracellular calcium

L-type
Calcium
Channel

cAMP

l+/

<

N Phosphatase

:igﬁ

FIGURE 3-9 Regulation of vascular smooth muscle contraction by myosin light chain kinase (MLCK). Increased intra-
cellular calcium, by either increased entry into the cell (through L-type Ca** channels) or release from the sarcoplas-
mic reticulum (SR), forms a complex with calmodulin, activating MLCK, which phosphorylates myosin light chains
(MLQ), causing contraction. Cyclic adenosine monophosphate (cAMP) inhibits MLCK, thereby causing relaxation. ATP

adenosine triphosphate; P, phosphate group.



stimulates vascular smooth muscle contrac-
tion. An increase in free intracellular calcium
can result from either increased entry of cal-
cium into the cell through L-type calcium
channels or release of calcium from internal
stores (e.g., sarcoplasmic reticulum). The free
calcium binds to a special calcium-binding
protein called calmodulin. The calcium-
calmodulin complex activates myosin light
chain kinase, an enzyme that phosphorylates
myosin light chains in the presence of ATP.
Myosin light chains are regulatory subunits
found on the myosin heads. Myosin light
chain phosphorylation leads to cross-bridge
formation between the myosin heads and the
actin filaments, thus leading to smooth muscle
contraction.

Intracellular calcium concentrations,
therefore, are very important in regulating
smooth muscle contraction. The concentra-
tion of intracellular calcium depends on the
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balance between the calcium that enters the
cells, the calcium that is released by intracel-
lular storage sites, and the movement of cal-
cium either back into intracellular storage
sites or out of the cell. Calcium is rese-
questered by the sarcoplasmic reticulum by
an ATP-dependent calcium pump similar to
the SERCA pump found in cardiac myocytes.
Calcium is removed from the cell to the exter-
nal environment by either an ATP-dependent
calcium pump or the sodium-calcium ex-
changer, as in cardiac muscle (see Chapter 2).
Several signal transduction mechanisms
modulate intracellular calcium concentration
and therefore the state of vascular tone. This
section describes three different pathways: (1)
IP,; via Gg-protein activation of phospholipase
C; (2) cAMP via Gs-protein activation of
adenylyl cyclase; and (3) cyclic guanosine
monophosphate (¢cGMP) via nitric oxide (NO)
activation of guanylyl cyclase (Fig. 3-10).

+
PIP, IP;

+
DAG —> PK-C

\ L-type
Calcium
+ Channel

GTP GDP

Ca++
T y
+ MLCK ——E» Contraction

GTP \ (— SGMP

cAMP
ATP ) GC
GTP

TS

\J

+j
AC

!

Epi
Ado
PGl

NO

FIGURE 3-10 Receptors and signal transduction pathways that regulate vascular smooth muscle contraction. R, re-
ceptor; Gs, stimulatory G-protein; Gq, phospholipase C-coupled G-protein; AC, adenylyl cyclase; PL-C, phospholipase
C; PIP,, phosphatidylinositol 4,5-bisphosphate; /P;, inositol triphosphate; DAG, diacylglycerol; PK-C, protein kinase C;
SR, sarcoplasmic reticulum; MLCK, myosin light chain kinase; Ado, adenosine; PG/, prostacyclin; Epi, epinephrine;
NO, nitric oxide; GC, guanylyl cyclase; All, angiotensin receptor agonist; E7-1, endothelin-1; NE, norepinephrine; ACh,
acetylcholine; GDR guanosine diphosphate; GTP guanosine triphosphate; ATF adenosine triphosphate; cAME cyclic
adenosine monophosphate; cGMP cyclic guanosine monophosphate.
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The IP; pathway in vascular smooth muscle
is similar to that found in the heart.
Norepinephrine and epinephrine (via o,-
adrenoceptors), angiotensin II (via AT, recep-
tors), endothelin-I (via ET, receptors), and
acetylcholine (via M; receptors) activate phos-
pholipase C through the Gq-protein, causing
the formation of IP; from PIP,. IP, then di-
rectly stimulates the sarcoplasmic reticulum
to release calcium. The formation of diacyl-
glycerol from PIP, activates protein kinase C,
which can modulate vascular smooth muscle
contraction as well via protein phosphoryla-
tion.

Receptors coupled to the Gs-protein stim-
ulate adenylyl cyclase, which catalyzes the for-
mation of cAMP. In vascular smooth muscle,
unlike cardiac myocytes, an increase in cAMP
by a Bs-adrenoceptor agonist such as isopro-
terenol causes relaxation. The mechanism for
this process is cCAMP inhibition of myosin light
chain kinase (see Fig. 3-9), which decreases
myosin light chain phosphorylation, thereby
inhibiting the interactions between actin and
myosin. Adenosine and prostacyclin (PGI,)
also activate Gs-protein through their recep-
tors, leading to an increase in cAMP and
smooth muscle relaxation. Epinephrine bind-
ing to P,-adrenoceptors relaxes vascular
smooth muscle through the Gs-protein.

A third important mechanism for regulat-
ing vascular smooth muscle contraction is the

nitric oxide (NO)-cGMP system. Many en-
dothelial-dependent vasodilator substances
(e.g., acetylcholine, bradykinin, substance P),
when bound to their respective endothelial
receptors, stimulate the conversion of L-
arginine to NO by activating NO synthase.
The NO diffuses from the endothelial cell to
the vascular smooth muscle cells, where it ac-
tivates guanylyl cyclase, increases cGMP for-
mation, and causes smooth muscle relaxation.
The precise mechanisms by which cGMP re-
laxes vascular smooth muscle are unclear;
however, cGMP can activate a cGMP-depen-
dent protein kinase, inhibit calcium entry into
the vascular smooth muscle, activate K* chan-
nels causing cellular hyperpolarization, and
decrease 1P;.

Vascular Endothelial Cells

The vascular endothelium is a thin layer of
cells that line all blood vessels. Endothelial
cells are flat, single-nucleated, elongated cells
that are 0.2-2.0 pm thick and 1-20 pm across
(varying by vessel type). Depending on the
type of vessel (e.g., arteriole versus capillary)
and tissue location (e.g., renal glomerular ver-
sus skeletal muscle capillaries), endothelial
cells are joined together by different types of
intercellular junctions. Some of these junc-
tions are very tight (e.g., all arteries and skele-
tal muscle capillaries), whereas others have

PROBLEM 3-2

cAMP is degraded by a phosphodiesterase. Milrinone, a drug sometimes used in the
treatment of acute heart failure, is a phosphodiesterase inhibitor that increases cardiac
inotropy and relaxes blood vessels by inhibiting the degradation of CAMP. Explain why
an increase in CAMP in cardiac muscle increases the force of contraction, whereas an in-
crease in CAMP in vascular smooth muscle cells diminishes the force of contraction.

Increasing cCAMP in the heart activates protein kinase A, which phosphorylates dif-
ferent sites within the cells (see the answer to Problem 3-1). Phosphorylation enhances
calcium influx into the cell and calcium release by the sarcoplasmic reticulum, leading
to an increase in inotropy. In vascular smooth muscle, myosin light chain kinase, when
activated by calcium-calmodulin, phosphorylates myosin light chains to stimulate
smooth muscle contraction. cAMP inhibits myosin light chain kinase; therefore, an in-
crease in CAMP by a phosphodiesterase inhibitor such as milrinone further inhibits the
myosin light chain kinase, thereby reducing smooth muscle contraction.




gaps between the cells (e.g., capillaries in
spleen and bone marrow) that enable blood
cells to move in and out of the capillary easily.
See Chapter 8 for information about different
types of capillaries and endothelium.

Endothelial cells have several important
functions, including:

1. Serving as a barrier for the exchange of
fluid, electrolytes, macromolecules, and
cells between the intravascular and ex-
travascular space (see Chapter 8);

2. Regulating smooth muscle function
through the synthesis of several different
vasoactive substances, the most important
of which are NO, PGIL, and endothelin-1;

3. Modulating platelet aggregation primarily
through biosynthesis of NO and PGI;

4. Modulating leukocyte adhesion and
transendothelial migration through the
biosynthesis of NO and the expression of
surface adhesion molecules.

Vascular endothelial cells continuously
produce NO by the enzyme NO synthase,
which converts L-arginine to NO. This basal
NO production can be enhanced by (1) spe-
cific agonists (e.g., acetylcholine, bradykinin)
binding to endothelial receptors; (2) in-
creased shearing forces acting on the en-
dothelial surface (e.g., as occurs with in-
creased blood flow); and (3) cytokines such
as tumor necrosis factor and interleukins,
which are released by leukocytes during in-
flammation and infection. NO, although very
labile, rapidly diffuses out of endothelial cells
to cause smooth muscle relaxation or inhibit
platelet aggregation in the blood. Both of
these actions of NO result from increased
c¢GMP formation, which occurs in response
to NO activation of guanylyl cyclase (see Fig.
3-10). Increased NO within the endothelium
stimulates endothelial ¢GMP production,
which inhibits the expression of adhesion mol-
ecules involved in attaching leukocytes to the
endothelial surface. Therefore, endothelial-
derived NO relaxes smooth muscle, inhibits
platelet function, and inhibits inflamma
tory responses (Fig. 3-11). (See Formation
and Physiologic Actions of Nitric Oxide
on CD.)
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In addition, endothelial cells synthesize
endothelin-1 (ET-1), a powerful vasocon-
strictor (see Fig. 3-11). Synthesis is stimu-
lated by angiotensin II, vasopressin, throm-
bin, cytokines, and shearing forces, and it is
inhibited by NO and PGL. ET-1 leaves the
endothelial cell and can bind to receptors
(ET,) on vascular smooth muscle, which
causes calcium mobilization and smooth
muscle contraction. The smooth muscle ac-
tions of ET-1 occur through activation of the
IP; signaling pathway (see Fig. 3-10). (See
Formation and Physiologic Actions of
Endothelin-1 on CD.)

PGI, is a product of arachidonic acid me-
tabolism within endothelial cells. (See
Formation and Physiologic Actions of
Metabolites of Arachidonic Acid on CD.) The
two primary roles of PGI, formed by endothe-
lial cells are smooth muscle relaxation and in-
hibition of platelet aggregation (see Fig. 3-11),
both of which are induced by the formation of
cAMP (see Fig. 3-10).

The importance of normal endothelial
function is made clear from examining how
endothelial dysfunction contributes to dis-
ease states. For example, endothelial damage
and dysfunction occurs in atherosclerosis,
hypertension, diabetes, and hypercholes-
terolemia. Endothelial dysfunction results in
less NO and PGI, production, causing vaso-

Platelets
... : Leukocytes @
Blood _\\Vi @
ET-1 PGl NO
EC /
\\ /
\"' v »/_
Contraction

FIGURE 3-11 Endothelial cell (EC) production of nitric
oxide (NO), prostacyclin (PG/,), and endothelin-1 (ET-7)
stimulates (+) or inhibits (-) vascular smooth muscle
(VSM) contraction, platelet aggregation and adhesion,
and leukocyte-endothelial cell adhesion.
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PROBLEM 3-3

When acetylcholine is infused into normal coronary arteries, the vessels dilate; how-
ever, if the vessel is diseased and the endothelium damaged, acetylcholine can cause
vasoconstriction. Explain why acetylcholine can have opposite effects on vascular func-
tion depending on the integrity of the vascular endothelium.

Acetylcholine has two effects on blood vessels. When acetylcholine binds to M, re-
ceptors on the vascular endothelium, it stimulates the formation of nitric oxide (NO) by
constitutive NO synthase. The NO can then diffuse from the endothelial cell into the

adjacent smooth muscle cells, where it activates guanylyl cyclase to form cGMP.
Increased cGMP within the smooth muscle cell inhibits calcium entry into the cell,
which leads to relaxation. Acetylcholine, however, also can bind to M; receptors lo-
cated on the smooth muscle. This activates the IP; pathway and stimulates calcium re-
lease by the sarcoplasmic reticulum, which leads to increased smooth muscle contrac-
tion. If the endothelium is intact, stimulation of the NO-cGMP pathway dominates
over the actions of the IP; pathway; therefore, acetylcholine will cause vasodilation.

constriction, loss of vasodilatory capacity,
thrombosis, and vascular inflammation.
Evidence exists that enhanced ET-1 produc-
tion contributes to hypertension and other
vascular disorders. Damage to the endothe-
lium at the capillary level increases capillary
permeability (see Chapter 8), which leads to
increased capillary fluid filtration and tissue
edema.

SUMMARY OF IMPORTANT
CONCEPTS

e The basic contractile unit of a cardiac myo-
cyte is the sarcomere, which contains thick
filaments (myosin) and thin filaments
(actin, troponin, and tropomyosin). During
myocyte contraction, the sarcomere short-
ens as the thick and thin filaments slide
past each other (the sliding filament theory
of muscle contraction).

e The process of excitation—contraction
coupling is initiated by depolarization of
the cardiac myocyte, which causes cal-
cium to enter the cell across the sar-
colemmal membrane, particularly in the
T-tubules. This entering calcium triggers
the release of calcium through calcium-
release channels associated with the ter-
minal cisternae of the sarcoplasmic retic-
ulum, which increases intracellular

calcium concentration. Calcium then
binds to TN-C, which induces a confor-
mation change in the troponin-
tropomyosin complex and exposes a
myosin binding site on the actin.
Hydrolysis of ATP occurs during actin
and myosin binding; it provides the en-
ergy for the subsequent movement of the
thin filament across the thick filament.
Relaxation (also requiring ATP) occurs
when calcium is removed from the TN-C
and is resequestered by the sarcoplasmic
reticulum by means of the SERCA pump.
Calcium serves as the primary regulator of
the force of contraction (inotropy).
Increased calcium entry into the cell, in-
creased release of calcium by the sar-
coplasmic reticulum, and enhanced bind-
ing of calcium by TN-C are major
mechanisms controlling inotropy. Phos-
phorylation of myosin light chains may also
play a role in modulating inotropy.
Relaxation of cardiac myocytes (lusitropy)
is primarily regulated by the reuptake of
calcium by the sarcoplasmic reticulum by
the SERCA pump. Phospholamban, a reg-
ulatory protein associated with SERCA,
regulates the activity of SERCA.

The contractile function of cardiac myo-
cytes requires large amounts of ATP, which
is generated primarily by oxidative metabo-



lism of fatty acids and carbohydrates, al-
though the heart is flexible in its use of sub-
strates and can also metabolize amino
acids, ketones, and lactate.

Arteries and veins are arranged as three
layers: adventitia, media, and intima.
Autonomic nerves and small blood vessels
(vasa vasorum in large vessels) are found in
the adventitia; vascular smooth muscle is
found in the media; and the intima is lined
by the endothelium. The relative propor-
tions of elastin and collagen in the adventi-
tia and media influence the elastic proper-
ties of blood vessels.

Vascular smooth muscle contains actin and
myosin; however, these components are
not arranged in the same repetitive pattern
as that found in cardiac myocytes. Vascular
smooth muscle contraction is slow and
tonic, in contrast to the contraction of car-
diac myocytes, which is fast and phasic.
Vascular smooth muscle contraction is reg-
ulated by calcium and the phosphorylation
of myosin light chains by myosin light chain
kinase.

Cardiac muscle and vascular smooth mus-
cle contraction is regulated by G-proteins
coupled to membrane receptors. Ac-
tivation of stimulatory Gs-proteins through
B-adrenoceptor stimulation (e.g., by norep-
inephrine) increases intracellular cAMP,
whereas activation of inhibitory Gi-pro-
teins through specific muscarinic or adeno-
sine receptors decreases intracellular
cAMP. Increased cAMP in cardiac my-
ocytes increases the force of contraction,
whereas increased cAMP in vascular
smooth muscle causes relaxation. Ac-
tivation of the Gg-protein through an-
giotensin II receptors, endothelin-1 recep-
tors, or a;-adrenoceptors stimulates the
activity of phospholipase C, which causes
the formation of inositol triphosphate (IPs).
Increased IP; enhances calcium release by
the sarcoplasmic reticulum and increased
contraction in both cardiac muscle and vas-
cular smooth muscle.

The vascular endothelium synthesizes ni-
tric oxide and prostacyclin, both of
which relax vascular smooth muscle.
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Endothelin-1, which is also synthesized by
the endothelium, contracts vascular smooth
muscle.

Please refer to the appendix for the answers

to the review questions.

For each question, choose the one best

answer:

1. Which of the following is common to both
cardiac myocytes and vascular smooth
muscle cells?

a. Dense bodies
b. Myosin light chain kinase
c¢. Terminal cisternae

d. T tubules

2. Thick filaments within cardiac myocytes
contain
a. Actin
b. Myosin
c¢. Tropomyosin
d. Troponin

3. During excitation—contraction coupling in
cardiac myocytes,

a. Calcium binds to myosin causing
ATP hydrolysis.

b. Calcium binds to troponin-I.

c¢. Myosin heads bind to actin.

d. SERCA pumps calcium out of the
sarcoplasmic reticulum.

4. Cardiac inotropy is enhanced by

a. Agonists coupled to Gi-protein.

b. Decreased calcium binding to tro-
ponin-C.

c. Decreased release of calcium by ter-
minal cisternae.

d. Protein kinase A phosphorylation of
L-type calcium channels.

5. Bs-adrenoceptor activation in vascular
smooth muscle leads to
a. Activation of myosin light chain ki-
nase.
b. Contraction.
Decreased intracellular cAMP.
d. Dephosphorylation of myosin light

chains.

e
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6. Angiotensin II causes contraction of vas-
cular smooth muscle by
Activating Gs-protein.
. Increasing cAMP.
Increasing IP3.
. Inhibiting release of calcium by sar-
coplasmic reticulum.

fo o

7. Vascular smooth muscle contraction is
stimulated by
a. cGMP.
b. Endothelin-1.
c¢. Nitric oxide.
d. Prostacyclin.
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Changes during the Cardiac Cycle

CD CONTENTS

LEARNING OBJECTIVES

Understanding the concepts presented in this chapter will enable the student to:

1.

Describe the basic anatomy of the heart, including the names of venous and arterial ves-
sels entering and leaving the heart, cardiac chambers, and heart valves; trace the flow of
blood through the heart.
Describe how each of the following changes during the cardiac cycle:
. electrocardiogram
. left ventricular pressure and volume

aortic pressure
. aortic flow
. left atrial pressure
. jugular pulse waves
Describe the origin of the four heart sounds and show when they occur during the car-
diac cycle.
Know normal values for end-diastolic and end-systolic left ventricular volumes, atrial and
ventricular pressures, and systolic and diastolic aortic and pulmonary arterial pressures.
Draw and label ventricular pressure-volume loops derived from ventricular pressure and
volume changes during the cardiac cycle.
Calculate stroke volume, cardiac output, and ejection fraction from ventricular end-
diastolic and end-systolic volumes and heart rate.
Describe how an increase in heart rate affects ventricular filling time, ventricular end-
diastolic volume, and stroke volume.

S0 QN T O

59



60 CHAPTER 4

8. Define preload, afterload, and inotropy.

9. List factors that determine or modify preload, afterload, and inotropy.
10. Describe the Frank-Starling mechanism and discuss its importance in regulating cardiac

output.

11. Describe the biophysical basis for the Frank-Starling mechanism using the length-tension

diagram for cardiac muscle.

12. Show how changes in preload, afterload, and inotropic state affect ventricular end-
diastolic volume, end-systolic volume, and stroke volume by using Frank-Starling curves
(plotting stroke volume versus preload) and ventricular pressure-volume loops.

13. Describe how changes in preload, afterload, and inotropy alter the force-velocity rela-
tionship for cardiac muscle, and explain how changes in this relationship affect ventricu-

lar stroke volume.

14. Describe mechanisms that have been proposed to account for the way preload and
inotropy affect force generation by myocytes.
15. Calculate myocardial oxygen consumption given coronary blood flow, and coronary ar-

terial and venous oxygen contents.

16. Explain why a given percentage increase in stroke volume in response to an increase in
venous return increases myocardial oxygen consumption less than the same percentage

increase in aortic pressure.

INTRODUCTION

The heart is a specialized muscular organ that
rhythmically contracts and pumps blood from
the low-pressure venous side to the high-pres-
sure arterial side of the circulation. Efficient
pumping occurs because of the orderly con-
traction sequence of the different heart cham-
bers, and the presence of valves within the
heart that ensure a unidirectional flow of
blood. This chapter describes the basic
anatomy of the heart—its chambers, valves,
and vessels entering and leaving the heart—
and the sequence of electrical and mechanical
events that occur during a cycle of contraction
and relaxation. It then describes the mecha-
nisms that regulate cardiac output, particu-
larly those mechanisms that influence the
amount of blood ejected into the aorta with
each contraction of the left ventricle. The last
section of this chapter discusses the relation-
ship between myocardial oxygen consumption
and the mechanical activity of the heart.

CARDIAC ANATOMY

Functional Anatomy of the Heart

The heart consists of four chambers: right
atrium, right ventricle, left atrium, and left

ventricle (Fig. 4-1). The right atrium re-
ceives blood from the superior and inferior
vena cavae, which carry blood returning
from the systemic circulation. The right
atrium is a highly distensible chamber that can
easily expand to accommodate the venous re-
turn at a low pressure (0-4 mm Hg). Blood
flows from the right atrium, across the tricus-
pid valve, and into the right ventricle. The
free wall of the right ventricle wraps around
part of the larger and thicker left ventricle.
The outflow tract of the right ventricle is the
pulmonary artery, which is separated from
the ventricle by the semilunar pulmonic
valve. Blood returns to the heart from the
lungs via four pulmonary veins that enter
the left atrium. The pressure within the left
atrium normally ranges from 8-12 mm Hg.
Blood flows from the left atrium, across the
mitral valve (left atrioventricular valve), and
into the left ventricle. The left ventricle has
a thick muscular wall that allows it to generate
high pressures during contraction. The left
ventricle ejects blood across the aortic valve
and into the aorta.

The tricuspid and mitral valves (also called
right and left atrioventricular, or AV valves, re-
spectively) have fibrous strands (chordae
tendineae) on their leaflets that attach to
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FIGURE 4-1 Anatomy of the heart. SVC, superior vena cava; RA, right atrium; /VC, inferior vena cava; PA, pulmonary
artery; PV, pulmonary veins; LA, left atrium; LV, left ventricle; RV, right ventricle.

papillary muscles located on the respective
ventricular walls. The papillary muscles con-
tract when the ventricles contract. This gener-
ates tension on the valve leaflets via the chor-
dae tendineae, preventing the AV valves from
bulging back and leaking blood into the atria
(ie., preventing regurgitation) as the ventri-
cles develop pressure. The semilunar valves
(pulmonic and aortic) do not have analogous
attachments.

Autonomic Innervation

Autonomic innervation of the heart plays an
important role in regulating cardiac function.
The heart is innervated by parasympathetic
(vagal) and sympathetic efferent fibers. (See
Chapter 6 for details on the origin of these au-
tonomic nerves.) The right vagus nerve pref-
erentially innervates the sinoatrial (SA) node,
whereas the left vagus nerve innervates the
AV node; however, significant overlap can oc-
cur in the anatomical distribution. Atrial mus-
cle is also innervated by vagal efferents; the
ventricular myocardium is only sparsely inner-
vated by vagal efferents. Sympathetic efferent
nerves are present throughout the atria (espe-
cially in the SA node) and ventricles and in the
conduction system of the heart.

Vagal activation of the heart decreases
heart rate (negative chronotropy), decreases
conduction velocity (negative dromotropy),
and decreases contractility (negative ino-
tropy) of the heart. Vagal-mediated inotropic
influences are moderate in the atria and rela-
tively weak in the ventricles. Activation of the
sympathetic nerves to the heart increases
heart rate, conduction velocity, and inotropy.
Sympathetic influences are pronounced in
both the atria and ventricles.

As Chapter 6 describes in more detail, the
heart also contains vagal and sympathetic af-
ferent nerve fibers that relay information from
stretch and pain receptors. The stretch recep-
tors involve feedback regulation of blood vol-
ume and arterial pressure, whereas the pain
receptors produce chest pain when activated
during myocardial ischemia.

THE CARDIAC CYCLE

Cardiac Cycle Diagram

To understand how cardiac function is regu-
lated, one must know the sequence of me-
chanical events during a complete cardiac cy-
cle and how these mechanical events relate to
the electrical activity of the heart. The cardiac
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cycle diagram in Figure 4-2 depicts changes in
the left side of the heart (left ventricular pres-
sure and volume, left atrial pressure, and aor-
tic pressure) as a function of time. Pressure
and volume changes in the right side of the
heart (right atrium and ventricle and pul-
monary artery) are qualitatively similar to
those in the left side. Furthermore, the timing
of mechanical events in the right side of the
heart is very similar to that of the left side.

The main difference is that the pressures in
the right side of the heart are much lower
than those found in the left side.

A catheter can be placed in the ascending
aorta and left ventricle to obtain the pressure
and volume information shown in the cardiac
cycle diagram and to measure simultaneous
changes in aortic and intraventricular pressure
as the heart beats. This catheter can also be
used to inject a radiopaque contrast agent into
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FIGURE 4-2 Cardiac cycle. The seven phases of the cardiac cycle are (7) atrial systole; (2) isovolumetric contraction;
(3) rapid ejection; (4) reduced ejection; (5), isovolumetric relaxation; (6) rapid filling; and (7) reduced filling. LV, left
ventricle; ECG, electrocardiogram; a, a-wave; ¢, c-wave; v, v-wave; AR aortic pressure; LVP left ventricular pressure;
LAP left atrial pressure; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume, S;-S,,

four heart sounds.



the left ventricular chamber. This permits flu-
oroscopic imaging (contrast ventriculography)
of the ventricular chamber, from which esti-
mates of ventricular volume can be obtained;
however, real time echocardiography and nu-
clear imaging of the heart are more commonly
used to obtain clinical assessment of volume
and function.

In the following discussion, a complete car-
diac cycle is defined as the cardiac events ini-
tiated by the P wave in the electrocardiogram
(ECG) and continuing until the next P wave.
The cardiac cycle is divided into two general
categories: systole and diastole. Systole refers
to events associated with ventricular contrac-
tion and ejection. Diastole refers to the rest
of the cardiac cycle, including ventricular re-
laxation and filling. The cardiac cycle is fur-
ther divided into seven phases, beginning
when the P wave appears. These phases are
atrial systole, isovolumetric contraction, rapid
ejection, reduced ejection, isovolumetric re-
laxation, rapid filling, and reduced filling. The
events associated with each of these phases
are described below.

PHASE 1. ATRIAL SYSTOLE: AV
VALVES OPEN; AORTIC AND
PULMONIC VALVES CLOSED

The P wave of the ECG represents electrical
depolarization of the atria, which initiates con-
traction of the atrial musculature. As the atria
contract, the pressures within the atrial cham-
bers increase; this drives blood from the atria,
across the open AV valves, and into the ventri-
cles. Retrograde atrial flow back into the vena
cava and pulmonary veins is impeded by the
inertial effect of venous return and by the
wave of contraction throughout the atria,
which has a “milking effect.” However, atrial
contraction produces a small increase in prox-
imal venous pressure (i.e., within the pul-
monary veins and vena cava). On the right
side of the heart, this produces the “a-wave”
of the jugular pulse, which can be observed
when a person is recumbent and the jugular
vein in the neck expands with blood.

Atrial contraction normally accounts for
only about 10% of left ventricular filling
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when a person is at rest and the heart rate is
low, because most of the ventricular filling
occurs before the atria contract. Therefore,
ventricular filling is mostly passive and de-
pends on the venous return. However, at
high heart rates (e.g., during exercise), the
period of diastolic filling is shortened consid-
erably (because overall cycle length is de-
creased), and the amount of blood that en-
ters the ventricle by passive filling is
reduced. Under these conditions, the relative
contribution of atrial contraction to ventricu-
lar filling increases greatly and may account
for up to 40% of ventricular filling. In addi-
tion, atrial contribution to ventricular filling
is enhanced by an increase in the force of
atrial contraction caused by sympathetic
nerve activation. Enhanced ventricular filling
owing to increased atrial contraction is some-
times referred to as the “atrial kick.” During
atrial fibrillation (see Chapter 2), the contri-
bution of atrial contraction to ventricular fill-
ing is lost. This leads to inadequate ventricu-
lar filling, particularly when ventricular rates
increase during physical activity.

After atrial contraction is complete, the
atrial pressure begins to fall, which causes a
slight pressure gradient reversal across the AV
valves. This fall in atrial pressure following the
peak of the a-wave is termed the “x-descent.”
As the pressures within the atria fall, the AV
valves float upward (pre-position) before clo-
sure.

At the end of this phase, the ventricular
volumes are maximal (end-diastolic volume,
EDV). The left ventricular end-diastolic vol-
ume (typically about 120 mL) is associated
with end-diastolic pressures of 8-12 mm Hg.
The right ventricular end-diastolic pressure
typically ranges from 3-6 mm Hg.

A heart sound is sometimes heard during
atrial contraction (Fourth Heart Sound, S,).
The sound is caused by vibration of the ven-
tricular wall during atrial contraction. This
sound generally is noted when the ventricle
compliance is reduced (i.e., “stiff” ventricle),
as occurs in ventricular hypertrophy (see
Ventricular Hypertrophy on CD. The sound is
commonly present as a normal finding in
older individuals.
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PHASE 2. ISOVOLUMETRIC
CONTRACTION: ALL VALVES CLOSED

This phase of the cardiac cycle is initiated by
the QRS complex of the ECG, which repre-
sents ventricular depolarization. As the ventri-
cles depolarize, myocyte contraction leads to a
rapid increase in intraventricular pressure.
The abrupt rise in pressure causes the AV
valves to close as the intraventricular pressure
exceeds atrial pressure. Contraction of the
papillary muscles with their attached chordae
tendineae prevents the AV valve leaflets from
bulging back or prolapsing into the atria and
becoming incompetent (i.e., “leaky”). Closure
of the AV valves results in the First heart
sound (S,). A heart sound is generated when
sudden closure of a heart valve and the ac-
companying oscillation of the blood cause vi-
brations (i.e., sound waves) that can be heard
with a stethoscope overlying the heart. The
first heart sound is normally split (~0.04 sec)
because mitral valve closure precedes tricus-
pid closure; however, because this very short
time interval normally cannot be perceived
through a stethoscope, only a single sound is
heard.

During the time between the closure of the
AV valves and the opening of the semilunar
valves, ventricular pressure rises rapidly with-
out a change in ventricular volume (i.e., no
ejection of blood into the aorta or pulmonary
artery occurs). Ventricular contraction, there-
fore, is said to be “isovolumic” or “isovolumet-
ric” during this phase. However, individual
myocyte contraction is not necessarily isomet-
ric. Some individual fibers contract isotoni-
cally (i.e., concentric, shortening contraction),
whereas others contract isometrically (i.e.,
with no change in length) or eccentrically (i.e.,
lengthening contraction). Ventricular cham-
ber geometry changes considerably as the
heart becomes more spheroid in shape, al-
though the volume does not change. Early in
this phase, the rate of pressure development
becomes maximal. The maximal rate of pres-
sure development, abbreviated “dP/dt max,” is
the maximal slope of the ventricular pressure
tracing plotted against time during isovolu-
metric contraction.

Atrial pressures transiently increase owing
to continued venous return and possibly to
bulging of AV valves back into the atrial
chambers. The “c-wave” noted in the jugular
pulse is thought to occur owing to increased
right atrial pressure that results from bulging
of tricuspid valve leaflets back into right
atrium.

PHASE 3. RAPID EJECTION: AORTIC
AND PULMONIC VALVES OPEN; AV
VALVES REMAIN CLOSED

When the intraventricular pressures exceed
the pressures within the aorta and pulmonary
artery, the aortic and pulmonic valves open
and blood is ejected out of the ventricles.
Ejection occurs because the total energy of
the blood within the ventricle exceeds the to-
tal energy of blood within the aorta. The total
energy of the blood is the sum of the pressure
energy and the kinetic energy; the latter is re-
lated to the square of the velocity of the blood
flow (see Energetics of Flowing Blood on
CD). In other words, ejection occurs because
an energy gradient is present (mostly owing to
pressure energy) that propels blood into the
aorta and pulmonary artery. During this
phase, ventricular pressure normally exceeds
outflow tract pressure by only a few millime-
ters of mercury (mm Hg). Although blood
flow across the valves is high, the relatively
large valve opening (i.e., providing low resis-
tance) requires only a few mm Hg of a pres-
sure gradient to propel flow across the valve.
Maximal outflow velocity is reached early in
the ejection phase, and maximal (systolic) aor-
tic and pulmonary artery pressures are
achieved.

While blood is being ejected and ventricu-
lar volumes decrease, the atria continue to fill
with blood from their respective venous in-
flow tracts. Although atrial volumes are in-
creasing, atrial pressures initially decrease (x'-
descent) as the base of the atria is pulled
downward, expanding the atrial chambers.

No heart sounds are ordinarily heard dur-
ing ejection. The opening of healthy valves is
silent. The presence of a sound during ejec-
tion (i.e., ejection murmurs) indicates valve




disease or intracardiac shunts (see Valve
Disease on CD).

PHASE 4. REDUCED EJECTION:
AORTIC AND PULMONIC VALVES
OPEN; AV VALVES REMAIN CLOSED

Approximately 150200 milliseconds after the
QRS, ventricular repolarization (T wave) oc-
curs. This causes ventricular active tension to
decrease (i.e., muscle relaxation occurs) and
the rate of ejection (ventricular emptying) to
fall. Ventricular pressure falls slightly below
outflow tract pressure; however, outward flow
still occurs owing to kinetic (or inertial) en-
ergy of the blood that helps to propel the
blood into the aorta and pulmonary artery.
Atrial pressures gradually rise during this
phase owing to continued venous return into
the atrial chambers.

PHASE 5. ISOVOLUMETRIC
RELAXATION: ALL VALVES CLOSED

As the ventricles continue to relax and intra-
ventricular pressures fall, a point is reached at
which the total energy of blood within the
ventricles is less than the energy of blood in
the outflow tracts. When this occurs, a pres-
sure gradient reversal causes the aortic and
pulmonic valves to abruptly close (aortic be-
fore pulmonic), causing a Second Heart
Sound (S,) that is physiologically and audibly
split. Normally, little or no blood backflows
into the ventricles as these valves close. Valve
closure is associated with a characteristic
notch (incisura) in the aortic and pulmonary
artery pressure tracings. Unlike in the ventri-
cles, where pressure rapidly falls, the decline
in aortic and pulmonary artery pressures is not
abrupt because of potential energy stored in
their elastic walls and because systemic and
pulmonic vascular resistances impede the flow
of blood into distributing arteries of the sys-
temic and pulmonary circulations.

Ventricular volumes remain constant (iso-
volumetric) during this phase because all
valves are closed. The residual volume of
blood that remains in a ventricle is called the
end-systolic volume (ESV). For the left
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ventricle, this is approximately 50 mL of
blood. The difference between the end-
diastolic volume and the end-systolic volume
represents the stroke volume (SV) of the ven-
tricle and is about 70 mL. In a normal ventri-
cle, about 60% or more of the end-diastolic
volume is ejected. The volume of blood
ejected (stroke volume) divided by the end-
diastolic volume is called the ejection frac-
tion of the ventricle, which normally is greater
than 0.55 (or 55%). Although ventricular vol-
ume does not change during isovolumetric re-
laxation, atrial volumes and pressures continue
to increase owing to venous return.

PHASE 6. RAPID FILLING: AV VALVES
OPEN; AORTIC AND PULMONIC
VALVES CLOSED

When the ventricular pressures fall below
atrial pressures, the AV valves open and ven-
tricular filling begins. The ventricles briefly
continue to relax, which causes intraventricu-
lar pressures to continue to fall by several mm
Hg despite on-going ventricular filling. Filling
is very rapid because the atria are maximally
filled just prior to AV valve opening. Once the
valves open, the elevated atrial pressures cou-
pled with the low resistance of the opened AV
valves results in rapid, passive filling of the
ventricles. Rapid, active relaxation of the left
ventricle early in this phase causes left ven-
tricular pressure to fall more rapidly than left
atrial pressure, thereby producing diastolic
suction, which aids in the initial filling.

The opening of the AV valves causes a
rapid fall in atrial pressures and proximal ve-
nous pressures. On the right side of the heart,
the peak of the jugular pulse just before the
valve opens is the “v-wave.” This peak is fol-
lowed by the “y-descent” of the jugular
pulse.

If the AV valves are functioning normally,
no prominent sounds will be heard during fill-
ing. When a Third Heart Sound (S;) is audi-
ble during ventricular filling, it may represent
tensing of chordae tendineae and the AV ring,
which is the connective tissue support for the
valve leaflets. This S; heart sound is normal in
children, but it is considered pathologic in
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adults because it is often associated with ven-
tricular dilation.

PHASE 7. REDUCED FILLING: AV
VALVES OPEN; AORTIC AND
PULMONIC VALVES CLOSED

No clear demarcation exists between the
phases of rapid and reduced ventricular fill-
ing. The reduced filling phase is the period
during diastole when passive ventricular filling
is nearing completion. As the ventricles con-
tinue to fill with blood and expand, they be-
come less compliant (i.e., “stiffer”). This
causes the intraventricular pressures to rise, as
described later in this chapter. Increased in-
traventricular pressure reduces the pressure
gradient across the AV valve (the pressure gra-
dient is the difference between the atrial and
ventricular pressure) so that the rate of filling
declines, even though atrial pressures con-
tinue to increase slightly as venous blood con-
tinues to flow into the atria. Aortic pressure
and pulmonary arterial pressure continue to
fall during this period as blood flows into the
systemic and pulmonary circulations.

It is important to note that Figure 4-2 de-
picts the cardiac cycle at a relatively low heart
rate (75 beats/minute). At low heart rates, the
length of time allotted to diastole is relatively
long, which lengthens the time of the reduced
filling phase. High heart rates reduce the
overall cycle length and are associated with re-
ductions in the duration of both systole and
diastole, although diastole shortens much
more than systole. Without compensatory
mechanisms, this cycle reduction would lead
to less ventricular filling (i.e., reduced end-
diastolic volume). Compensatory mechanisms
are important for maintaining adequate ven-
tricular filling during exercise (see Chapter 9).

Summary of Intracardiac Pressures

It is important to know normal values of in-
tracardiac pressures, as well as the pressures
within the veins and arteries entering and
leaving the heart, because abnormal pressures
can be used to diagnose certain types of car-
diac disease and dysfunction. Figure 4-3 sum-
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FIGURE 4-3 Summary of normal pressures within the
cardiac chambers and great vessels. The higher values
for pressures (expressed in mm Hg) in the right ventricle
(RV), left ventricle (LV), pulmonary artery (PA), and aorta
(A) represent the peak pressures during ejection (systolic
pressure), whereas the lower pressure values represent
the end of diastole (ventricles) or the lowest pressure
(diastolic pressure) found in the pulmonary artery and
aorta.

marizes normal, typical pressures in an adult
heart. Note that the pressures on the right
side of the heart are considerably lower than
those on the left side of the heart, and that the
pulmonary circulation has low pressures com-
pared to the systemic arterial system. The
ranges in pressures in the right and left atria
indicate the extent by which atrial pressure
changes during the cardiac cycle.

Ventricular Pressure-Volume
Relationship

Although measurements of pressures and vol-
umes over time can provide important in-
sights into ventricular function, pressure-
volume loops provide another powerful tool
for analyzing the cardiac cycle, particularly
ventricular function.

Pressure-volume loops (Fig. 4-4, bottom
panel) are generated by plotting left ventricu-
lar pressure against left ventricular volume at
many time points during a complete cardiac
cycle (Fig. 4-4, top panel). In Figure 4-4, the
letters represent the periods of ventricular fill-
ing (a), isovolumetric contraction (b), ventric-
ular ejection (c), and isovolumetric relaxation
(d). The EDV is the maximal volume achieved
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FIGURE 4-4 Ventricular pressure-volume loops. The left ventricular pressure-volume loop (bottom panel) is generated
by plotting ventricular pressure against ventricular volume at many different corresponding points during a single
cardiac cycle (upper panel). a, ventricular filling; b, isovolumetric contraction; ¢, ventricular ejection; d, isovolumetric
relaxation; EDV and ESV, left ventricular end-diastolic and end-systolic volumes, respectively; EDPVR, end-diastolic
pressure-volume relationship; ESPVR, end-systolic pressure-volume relationship; SV, stroke volume (EDV — ESV).

at the end of filling, and ESV is the minimal
volume (i.e., residual volume) of the ventricle
found at the end of ejection. The width of the
loop, therefore, represents the difference be-
tween EDV and ESV, which is the SV. The
area within the pressure-volume loop is the
ventricular stroke work (see Ventricular
Stroke Work on CD).

The filling phase moves along the end-
diastolic pressure-volume relationship
(EDPVR), or passive filling curve for the ven-
tricle. The slope of the EDPVR at any point

along the curve is the reciprocal of ventricu-
lar compliance, as described later in this
chapter.

The maximal pressure that can be devel-
oped by the ventricle at any given left ventric-
ular volume is described by the end-systolic
pressure-volume relationship (ESPVR).
The pressure-volume loop, therefore, cannot
cross over the ESPVR, because the ESPVR
defines the maximal pressure that can be gen-
erated at any given volume under a given ino-
tropic state, as described later in this chapter.
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Altered Pressure and Volume
Changes during the Cardiac Cycle

The changes in pressures and volumes de-
scribed in the cardiac cycle diagram and by
the pressure-volume loop are for normal
adult hearts at resting heart rates. The pres-
sures and volumes can appear very differently
in the presence of valve disease and heart fail-
ure. Changes in cardiac pressures and vol-
umes in different types of valve disease are
described in the accompanying CD-ROM.
Heart failure and the way it alters cardiac
pressures and volumes is discussed in

Chapter 9.

REGULATION OF CARDIAC OUTPUT

The primary function of the heart is to impart
energy to blood to generate and sustain an ar-
terial blood pressure sufficient to adequately
perfuse organs. The heart achieves this by
contracting its muscular walls around a closed
chamber to generate sufficient pressure to
propel blood from the left ventricle, through
the aortic valve, and into the aorta. Each time
the left ventricle contracts, a volume of blood
is ejected into the aorta. This stroke volume
(SV), multiplied by the number of beats per
minute (heart rate, HR), equals the cardiac
output (CO) (Equation 4-1).

Eq. 4-1 CO =SV-HR

Therefore, changes in either stroke volume or
heart rate alter cardiac output.

The units for cardiac output are expressed
as either mL/min or liters/min. The units for
stroke volume are milliliters/beat (mL/beat),
and the units for heart rate are beats/min. In a

resting adult, cardiac output typically ranges
from 5-6 L/min. Sometimes cardiac output is
expressed as a cardiac index, which is the
cardiac output divided by the estimated body
surface area (BSA) in square meters. Several
different formulas can be used to estimate
BSA. One formula is BSA (m?) equals the
square root of the (height [cm] times weight
[kg] divided by 3600); BSA = (cm - kg/3600)"
(Mosteller formula). Calculating the cardiac
index normalizes cardiac output to individuals
of different size. A normal range for cardiac
index is 2.6 to 4.2 L/min/m?2.

Influence of Heart Rate on Cardiac
Output

Although cardiac output is determined by
both heart rate and stroke volume, changes in
heart rate are generally more important quan-
titatively in producing changes in cardiac out-
put. For example, heart rate may increase by
100% to 200% during exercise, whereas
stroke volume may increase by less than 50%.
These changes in heart rate are brought about
primarily by changes in sympathetic and
parasympathetic nerve activity at the sinoatrial
node.

Changes in heart rate alone inversely affect
stroke volume. For example, doubling heart
rate from 70-140 beats/minute by pacemaker
stimulation alone does not double cardiac out-
put because stroke volume falls nearly propor-
tionately. This occurs because the ventricular
filling time decreases as the length of diastole
shortens. However, when physiological mech-
anisms during exercise cause the heart rate to
double, cardiac output more than doubles be-
cause stroke volume actually increases. This

PROBLEM 4-1

ume of 80 mL/beat.

Calculate left ventricular stroke volume in milliliters/beat when the cardiac output is
8.8 litersiminute and the heart rate is 110 beats/min.

Stroke volume equals cardiac output divided by heart rate. Because stroke volume
uses milliliters for units, cardiac output (8.8 liters/min) must be expressed in mL/min
(8,800 mL/min). This value, divided by a heart rate of 110 beats/min, gives a stroke vol-




increase in stroke volume, despite the eleva-
tion in heart rate, is brought about by several
mechanisms acting on the heart and systemic
circulation (see Chapter 9). When these
mechanisms fail, stroke volume cannot be
maintained at elevated heart rates. It is im-
portant to understand the mechanisms that
regulate stroke volume because impaired
stroke volume regulation can lead to a state of
heart failure and limited exercise capacity (see
Chapter 9).

Regulation of Stroke Volume

Ventricular stroke volume is the difference
between the ventricular EDV and the ESV. In
a typical heart, the EDV may be 120 mL of
blood and the ESV 50 mL of blood. The dif-
ference in these two volumes, 70 mL, repre-
sents the stroke volume. Therefore, any factor
that alters either the EDV or the ESV changes
stroke volume.

Three primary mechanisms regulate EDV
and ESV, and therefore stroke volume: pre-
load, afterload, and inotropy (Fig. 4-5). A
change in preload primarily alters EDYV,
whereas changes in afterload and inotropy pri-
marily affect ESV. For example, increased
preload increases stroke volume by increasing
EDV, whereas increased afterload decreases
stroke volume by increasing ESV. EDV and
ESV are interdependent variables, so a
change in one variable leads to a change in the
other. The following section highlights the im-
portance of preload, afterload, and inotropy in

PN

EDV ESV
PN
Preload Afterload  Inotropy

FIGURE 4-5 Factors determining stroke volume (SV).
Because SV equals end-diastolic volume (EDV) minus
end systolic volume (ESV), factors that increase EDV
(preload) or decrease ESV (afterload and inotropy) will
increase SV. (+), increase; (—), decrease.
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the regulation of EDV, ESV, and stroke vol-
ume.

Effects of Preload on Stroke Volume
Preload is the initial streiching of the car-
diac myocytes prior to contraction; therefore,
it is related to the sarcomere length at the end
of diastole. Sarcomere length cannot be de-
termined in the intact heart so indirect in-
dices of preload, such as ventricular end-di-
astolic volume or pressure, must be used.
These measures of preload are not ideal be-
cause they may not reflect sarcomere length.
For example, with an acute increase in ven-
tricular volume, an increase in sarcomere
length occurs. However, in a chronically di-
lated ventricle, as occurs in some types of
heart failure, the sarcomere length might be
normal because of the addition of new sar-
comeres in series. End-diastolic pressure is a
poor index of preload because compliance of
the ventricle determines the actual stretch-
ing of sarcomeres and hence ventricular vol-
ume, and this may change to accommodate
chronic conditions (see next section).
Nevertheless, acute changes in end-diastolic
pressure and volume are useful indices for
examining the effects of acute preload
changes on stroke volume. Note that the con-
cepts on the influence of preload on cardiac
function described in the following sections
can be applied to both the atria and the ven-
tricles.

Effects of Ventricular Compliance

on Preload

As the left ventricle (or other cardiac cham-
ber) fills with blood, the pressure generated at
a given volume is determined by the compli-
ance of the ventricle, in which compliance is
defined as the ratio of a change in volume di-
vided by a change in pressure. Normally, com-
pliance curves are plotted with the volume as
a function of pressure, and the compliance is
the slope of the line at any given pressure (i.e.,
the slope of the tangent at a particular point
on the line). (See Compliance on CD.) For
the ventricle, however, it is common to plot
pressure versus volume (Fig. 4-6). Plotted in
this manner, the slope of the tangent at a given
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FIGURE 4-6 Ventricular compliance (or filling) curves. The slope of the tangent of the passive pressure-volume curve
at a given volume represents the reciprocal of the ventricular compliance. The slope of the normal compliance curve
is increased by a decrease in ventricular compliance (e.g., ventricular hypertrophy), whereas the slope of the compli-
ance curve is reduced by an increase in ventricular compliance (e.g., ventricular dilation). Decreased compliance in-
creases the end-diastolic pressure (EDP) at a given end-diastolic volume (EDV), whereas increased compliance de-

creases EDP at a given EDV. LV, left ventricle.

point on the line is the reciprocal of the com-
pliance, which is sometimes referred to as
ventricular elastance or “stiffness.”

The relationship between pressure and vol-
ume is nonlinear in the ventricle (as in most
biological tissues); therefore, compliance de-
creases with increasing pressure or volume.
When pressure and volume are plotted as in
Figure 4-6, we find that the slope of the filling
curve (the end-diastolic pressure-volume rela-
tionship described in Figure 4-4) increases
dramatically at higher volumes; i.e., the ven-
tricle becomes less compliant or “stiffer” at
higher volumes.

Ventricular compliance is determined by
the physical properties of the tissues making
up the ventricular wall and the state of ven-
tricular relaxation. For example, in ventricular
hypertrophy the increased muscle thickness
decreases the ventricular compliance; there-
fore, ventricular end-diastolic pressure is
higher for any given end-diastolic volume.
This is shown in Figure 4-6, in which the fill-
ing curve of the hypertrophied ventricle shifts
upwards and to the left. From a different per-
spective, for a given end-diastolic pressure, a
less compliant ventricle will have a smaller
end-diastolic volume (i.e., filling will be de-
creased). If ventricular relaxation is impaired,

as occurs in some forms of diastolic ventricu-
lar failure (see Chapter 9), the effective ven-
tricular compliance will be reduced. This will
impair ventricular filling and increase end-
diastolic pressure. If the ventricle becomes
chronically dilated, as occurs in other forms of
heart failure, the filling curve shifts downward
and to the right. This enables a dilated heart
to have a greater end-diastolic volume without
causing a large increase in end-diastolic pres-
sure.

The length of a sarcomere prior to contrac-
tion, which represents its preload, depends on
the interplay between ventricular end-diastolic
volume, end-diastolic pressure, and compli-
ance. Although end-diastolic pressure and end-
diastolic volume are sometimes used as indices
of preload, care must be taken when interpret-
ing the significance of these values in terms of
how they relate to the preload of individual
sarcomeres. For example, an elevated end-
diastolic pressure may be associated with sar-
comere lengths that are increased, decreased,
or unchanged, depending on the ventricular
volume and compliance at that volume.

Factors Determining Ventricular Preload
In the normal heart, right ventricular preload
is determined by the volume of blood that fills



the ventricle at the end of passive filling and
atrial contraction (i.e., the end-diastolic vol-
ume). Figure 4-7 summarize several factors
that alter ventricular filling and therefore pre-
load.

An increase in venous blood pressure in-
creases ventricular preload. Venous blood vol-
ume and compliance determine venous pres-
sure (see Chapter 5). Venous compliance
relates to the state of smooth muscle contrac-
tion within venous blood vessels and is de-
creased, for example, by sympathetic activa-
tion, which contracts the venous smooth
muscle. The reduced compliance leads to an
increase in venous pressure. Venous blood
volume, particularly in the thoracic (central)
compartment, is influenced by the total blood
volume (regulated by the kidneys) and the
rate of venous return into the thoracic com-
partment. The rate of venous return is influ-
enced by gravity, the mechanical pumping ac-
tivity of skeletal muscles, and respiratory
activity.

Several other important factors determine
ventricular preload. (1) Ventricular compli-
ance determines the end-diastolic volume for
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any given intraventricular filling pressure, as
previously described. (2) Heart rate, through
its influence on filling time, has an inverse ef-
fect on preload. (3) Atrial contraction (at
resting heart rates) normally has only a small
influence on ventricular preload because
most of ventricular filling occurs during the
passive filling phases. At high heart rates,
however, increased atrial contractility (owing
to sympathetic activation) significantly en-
hances (up to about 40%) the contribution of
atrial contraction to ventricular filling,
thereby helping to maintain preload. (4)
Elevated inflow resistance decreases ventric-
ular preload. For example, in tricuspid valve
stenosis, the inflow resistance is increased
and ventricular preload is reduced. (5) An in-
crease in outflow resistance, as caused by
pulmonic valve stenosis or pulmonary hyper-
tension, impairs the ability of the right ven-
tricle to empty, leading to an increase in pre-
load. (6) In ventricular systolic failure, when
ventricular inotropy is diminished, the ven-
tricular preload increases because of the in-
ability of the ventricle to eject normal vol-
umes of blood. This causes blood to back up

Ventricular
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T Atrial T Heart
Contractility + Rate
N rd

Right

T Ventricular F5( ventricular +_ T Outflow
Compliance Preload Resistance
\ & Afterload
T Venous T Inflow
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Venous Venous Volume

Compliance + Venous Return

Total Blood Volume
Respiration
Muscle Contraction
Gravity

FIGURE 4-7 Factors determining right ventricular preload. (+) indicates that an increase in a variable increases right
ventricular end-diastolic volume, and therefore preload; (—) indicates that the variable decreases preload.
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CASE 4-1

Starling curve, as shown in Figure 4-26.

A hospitalized patient is given a diuretic drug (which increases renal sodium and water
excretion) to reduce blood volume. Using Frank-Starling curves, describe how the acute
decrease in blood volume will affect ventricular stroke volume. Assume no significant
changes in heart rate, inotropy, or aortic pressure.

A decrease in blood volume reduces venous return and ventricular preload (e.g.,
ventricular end-diastolic volume and pressure), which decreases force generation by
the myocytes. This causes the stroke volume to fall from point A to B along a given

100
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(?n\ll) 50 Blood Volume
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0 10 20
LVEDP (mmHgQ)

Effects of reducing blood volume on stroke volume. Reducing blood volume with a diuretic decreases ven-
tricular filling so that the preload (left ventricular end-diastolic pressure, LVEDP) decreases. This causes stroke
volume (SV) to fall from point A to point B along the Frank-Starling curve.

in the ventricle and proximal venous circu-
lation.

Left ventricular preload is determined by
the same factors as for right ventricular pre-
load, except that the venous pressure is pul-
monary venous pressure instead of central ve-
nous pressure, the inflow resistance is the
mitral valve, and the outflow resistance is the
aortic valve and aortic pressure. Respiratory
activity also influences left ventricular pre-
load, as described later in this chapter.

Effects of Venous Return on Stroke Volume
(Frank-Starling Mechanism)

Altered preload is an important mechanism by
which the ventricle changes its force of con-
traction. When venous return to the heart is
increased, ventricular filling increases, as does
preload. This stretching of the myocytes
causes an increase in force generation, which

enables the heart to eject the additional ve-
nous return and thereby increase stroke vol-
ume (Fig. 4-8). This is called the Frank-
Starling mechanism in honor of the
scientific contributions of Otto Frank (late
19th century) and Ernest Starling (early 20th
century). Another term for this mechanism is
“Starling’s law of the heart.” In summary, the
Frank-Starling mechanism states that increas-
ing venous return and ventricular preload
leads to an increase in stroke volume.

There is no single Frank-Starling curve
(sometimes called ventricular function curves)
for the ventricle. Instead, there is a family of
curves (Fig. 4-9), with each curve defined by
the afterload imposed on the heart and the
inotropic state of the heart. (These concepts
are described later in this chapter.) Increasing
afterload and decreasing inotropy shifts the
curve down and to the right, whereas decreas-
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FIGURE 4-8 Frank-Starling mechanism. Increasing ve-
nous return to the left ventricle increases left ventricular
end-diastolic pressure (LVEDP) by increasing ventricular
volume; this increases ventricular preload, resulting in
an increase in stroke volume (SV) from point A to B. The
“normal” operating point (4) is at a LVEDP of about 8
mm Hg and a SV of about 70 mlL/beat.

ing afterload and increasing inotropy shifts the
curve up and to the left. To summarize,
changes in venous return cause a ventricle to
Sfunction along a Frank-Starling curve that is
defined by the existing conditions of afterload
and inotropy.
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FIGURE 4-9 A family of Frank-Starling curves generated
at different afterloads and inotropic states. Increased af-
terload or decreased inotropy shifts the Frank-Starling
curve downward, whereas the opposite changes in af-
terload and inotropy shift the curve upward. Shifting
the curves increases or decreases the stroke volume (SV)
at any given left ventricular end-diastolic pressure
(LVEDP).

The Frank-Starling mechanism plays an
important role in balancing the output of the
two ventricles. For example, when venous re-
turn increases to the right side of the heart
during physical activity, the Frank-Starling
mechanism enables the right ventricular

PROBLEM 4-2

If the left ventricular output is 60 mL/beat and the right ventricular stroke volume is
only 0.1% greater, by how much would the pulmonary blood volume increase over 1
hour if the heart rate is 75 beats/min? Describe how the Frank-Starling mechanism nor-
mally prevents this large shift of blood from systemic to pulmonary circulation.

Because the right ventricular stroke volume is 0.1% greater than the left ventricular
stroke volume of 60 mL/beat, the right ventricular stroke volume can be calculated by
multiplying 60 times 1.001, which gives a stroke volume of 60.06 mL/beat. The differ-
ence in stroke volume between the two ventricles therefore is 0.06 mL/beat. To obtain
the difference in total stroke volume over 1 hour when the rate is 75 beats/min, multi-
ply the rate (75 beats/min) X 60 min/hr X stroke volume difference (0.06 mL/beat). This
calculation yields a value of 270 mL.

This calculation demonstrates how a small difference in the output of the two ven-
tricles (right being greater than left) can lead to a significant increase in pulmonary
blood volume over time. Normally, this increase in pulmonary blood volume would in-
crease pulmonary vascular pressures and the filling pressure for the left ventricle. This
would increase the left ventricular stroke volume output by the Frank-Starling mecha-
nism, which would maintain a balance in output over time between the two sides of
the heart.
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stroke volume to increase, thereby matching
its output to the increased venous return. The
increased right ventricular output increases
the venous return to the left side of the heart,
and the Frank-Starling mechanism operates
to increase the output of the left ventricle.
This mechanism ensures that the outputs of
the two ventricles are matched over time; oth-
erwise blood volume would shift between the
pulmonary and systemic circulations.

This analysis using Frank-Starling curves
shows how changes in venous return and ven-
tricular preload lead to changes in stroke vol-
ume. These curves, however, do not show how
changes in venous return affect end-diastolic

and end-systolic volumes. These changes in
ventricular volumes are best illustrated by us-
ing pressure-volume diagrams.

When venous return is increased, in-
creased filling of the ventricle occurs along its
passive filling curve. This leads to an increase
in end-diastolic volume (Fig. 4-10). If the ven-
tricle now contracts at this increased preload,
and the aortic pressure is held constant, the
ventricle will empty to the same end-systolic
volume, and therefore stroke volume will be
increased. This is shown as an increase in the
width of the pressure-volume loop. In reality,
the increase in stroke volume that results from
the increase in venous return will lead to an

CASE 4-2

Echocardiography reveals that the left ventricle of a chronically hypertensive patient is
significantly hypertrophied. Using left ventricular pressure-volume loops, describe how
end-diastolic pressure and volume and stroke volume will be altered by the hypertro-
phy. Assume no change in heart rate, inotropy, or aortic pressure.

A hypertrophied ventricle is less compliant. This causes the end-diastolic pressure-
volume curve to shift up and to the left, as shown in Figure 4-27. This shift will reduce
the end-diastolic volume and increase the end-diastolic pressure at the end of ventricu-
lar filling. The end-systolic volume will be normal unless there is a significant change in
inotropy or aortic diastolic pressure. The width of the pressure-volume loop is nar-
rower; therefore, the stroke volume is reduced.
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Effects of left ventricular hypertrophy on the pressure-volume loop. Hypertrophy causes a reduction in ven-
tricular compliance, which increases the slope of the end-diastolic pressure-volume relationship. This leads to
an increase in end-diastolic pressure and a decrease in ventricular filling (end-diastolic volume). Reduced fill-
ing leads to a decrease in stroke volume (Frank-Starling mechanism), which is shown as a decrease in the
width of the pressure-volume loop. End-systolic volume does not change unless inotropy or afterload changes.
LV, left ventricle.
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FIGURE 4-10 Effects of increasing venous return on left ventricular (LV) pressure-volume loops. This diagram shows
the acute response to an increase in venous return. It assumes no cardiac or systemic compensation and that aortic
pressure remains unchanged. Increased venous return increases end-diastolic volume (EDV), but it normally does not
change end-systolic volume; therefore, stroke volume (SV) is increased. ESPVR, end-systolic pressure-volume rela-

tionship.

increase in aortic blood pressure because of
the increase in cardiac output. For reasons de-
scribed later in this chapter, this will lead to a
small increase in end-systolic volume; the net
effect, however, will still be an increase in the
width of the pressure-volume loop (ie., in-
creased stroke volume). The normal ventricle,
therefore, is capable of increasing its stroke
volume to match an increase in venous return.
The increase in the area within the pressure-
volume loop, which represents the ventricular
stroke work, will also be increased.

Effects of Preload Length on Tension

Development (Length-Tension Relationship)
The mechanical or biophysical basis for the
Frank-Starling mechanism can be described
by the length-tension relationship for cardiac
myocytes. The length-tension relationship
examines how changes in the initial length of
amuscle (i.e., preload) affect the ability of the
muscle to develop force (tension). To illus-
trate this relationship, a piece of cardiac mus-
cle (e.g., papillary muscle) is isolated and
placed within an in vitro bath containing an
oxygenated, physiologic salt solution. One end
of the muscle is attached to a force transducer
to measure tension, and the other end is at-

tached to an immovable support rod (Fig.
4-11, left panel). The end that is attached to
the force transducer is movable so that the ini-
tial length (preload) of the muscle can be fixed
at a desired length. The muscle is then elec-
trically stimulated to contract; however, the
length is not permitted to change and there-
fore the contraction is isometric.

If the muscle is stimulated to contract at a
relatively short initial length (low preload), a
characteristic increase in tension (termed “ac-
tive” tension) will occur, lasting about 200
m/sec (Fig. 4-11, right panel, curve a). By
stretching the muscle to a longer initial length,
the passive tension will be increased prior to
stimulation. The amount of passive tension de-
pends on the elastic modulus (“stiffness”) of
the tissue. The elastic modulus of a tissue is re-
lated to the ability of a tissue to resist defor-
mation; therefore, the higher the elastic mod-
ulus, the “stiffer” the tissue. When the muscle
is stimulated at the increased preload, there
will be a larger increase in active tension
(curve b) than had occurred at the lower pre-
load. If the preload is again increased, there
will be a further increase in active tension
(curve ¢). Therefore, increases in preload lead
to an increase in active tension. Not only is the



76 CHAPTER 4

Stimulate

c For curve ¢

Active
Total

Il

— tPassive v

Tension Moveable
Transducer
\_» [
S
2
AL
Muscle g
Fixed

Time

FIGURE 4-11 Effects of increased preload on tension development by an isolated strip of cardiac muscle. The left panel
shows how muscle length and tension are measured in vitro. The bottom of the muscle strip is fixed to an immovable
rod, whereas the top of the muscle is connected to a tension transducer and a movable bar that can be used to ad-
just initial muscle length (AL). The right panel shows how increased preload (initial length) increases both passive and
active (developed) tension. The greater the preload, the greater the active tension generated by the muscle.

magnitude of active tension increased, but also
the rate of active tension development (i.e.,
the maximal slope with respect to time of the
tension curve during contraction). The dura-
tion of contraction and the time-to-peak ten-
sion, however, are not changed.

If the results shown in Figure 4-11 are
plotted as tension versus initial length (pre-
load), a length-tension diagram is generated
(Fig. 4-12). In the top panel, the passive ten-
sion curve is the tension that is generated as
the muscle is stretched prior to contraction.
Points a, b, and ¢ on the passive curve corre-
spond to the passive tensions and initial pre-
load lengths for curves a, b, and ¢ in Figure 4-
11 prior to contraction. The total tension
curve represents the maximal tension that oc-
curs during contraction at different initial pre-
loads. The total tension curve is the sum of the
passive tension and the additional tension
generated during contraction (active tension).
The active tension, therefore, is the difference
between the total and passive tension curves;
it is shown in the bottom panel of Figure 4-12.
The active tension diagram demonstrates that
as preload increases, there is an increase in ac-
tive tension up to a maximal limit. The maxi-
mal active tension in cardiac muscle corre-
sponds to a sarcomere length of about 2.2
microns. Cardiac muscle, unlike skeletal mus-
cle, does not display a descending limb on the
active tension curve because the greater stiff-

ness of cardiac muscle normally prevents the
sarcomeres from being stretched beyond 2.2
microns.

This discussion described how changes in
preload affect the force generated by cardiac
muscle fibers during isometric contractions
(i.e., with no change in length). Cardiac mus-
cle fibers, however, normally shorten when
they contract (i.e., undergo isotonic contrac-
tions). If a strip of cardiac muscle in vitro is set
at a given preload length and stimulated to
contract, it will shorten and then return to its
resting preload length (Fig. 4-13). If the initial
preload is increased and the muscle stimu-
lated again, it will ordinarily shorten to the
same minimal length, albeit at a higher veloc-
ity of shortening. This explains why, in Figure
4-10, the increase in end-diastolic volume re-
sulted in an increase in stroke volume with no
change in end-systolic volume.

The length-tension relationship, although
usually used to describe the contraction of iso-
lated muscles, can be applied to the whole
heart. By substituting ventricular volume for
length and ventricular pressure for tension,
the length-tension relationship becomes a
pressure-volume relationship for the ventri-
cle. This can be done because a quantitative
relationship exists between tension and pres-
sure and between length and volume that is
determined by the geometry of the ventricle.
Figure 4-14 shows that as ventricular preload
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FIGURE 4-12 Length-tension relationship for cardiac
muscle undergoing isometric contraction. The top panel
shows that increasing the preload length from points a
to cincreases the passive tension. Furthermore, increas-
ing the preload increases the total tension during con-
traction as shown by arrows a, b, and ¢, which corre-
spond to active tension changes depicted by curves a,
b, and c in Figure 4-11. The length of the arrow is the
active tension, which is the difference between the to-
tal and passive tensions. The bottom panel shows that
the active tension increases to a maximum value as pre-
load increases.

volume is increased (i.e., end-diastolic volume
increased), an increase in isovolumetric ven-
tricular pressure development occurs during
ventricular contraction, analogous to what is
observed with a single papillary muscle (see
Fig. 4-12). This can be observed experimen-
tally in the ventricle by occluding the aorta
during ventricular contraction and measuring
the peak systolic pressure generated by the
ventricle under this isovolumetric condition.
If the ventricle were permitted to eject blood,
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the increased pressure development resulting
from increased preload would augment stroke
volume, as depicted in Figure 4-10.

What mechanisms are responsible for the
increase in force generation with increased
preload in the heart? In the past, it was
thought that changes in active tension caused
by altered preload could be explained by a
change in the number of actin and myosin
cross bridges formed (see Chapter 3).
Although this can be a factor if sarcomere
length is increased beyond 2.2 w (the length
of maximal force generation), the intact heart
under physiologic conditions operates at sar-
comere lengths in the range of 1.8-2.2 . (i.e.,
on the ascending limb of the length-tension
relationship for the sarcomere). For various
structural and mechanical reasons, the sar-
comere length in cardiac myocytes does not
normally exceed 2.2 . These observations
have led to the concept of length-dependent
activation. Experimental evidence supports
three possible explanations. First, studies have
shown that increased sarcomere length sensi-
tizes the regulatory protein troponin C to cal-
cium without necessarily increasing intracel-
lular release of calcium. This increases
calcium binding by troponin C, leading to an
increase in force generation as described in
Chapter 3. A second explanation is that fiber
stretching alters calcium homeostasis within
the cell so that increased calcium is available
to bind to troponin C. A third explanation is
that as a myocyte (and sarcomere) lengthens,
the diameter must decrease because the vol-
ume has to remain constant. It has been pro-
posed that this would bring the actin and
myosin molecules closer to each other (de-
creased lateral spacing), which would facili-
tate their interactions.

It has traditionally been taught that the
Frank-Starling mechanism does not result in a
change in inotropy (intrinsic contractility) de-
spite a change in force generation. However,
we can no longer rigidly differentiate between
the mechanisms responsible for preload and
inotropic effects on force generation because
of what we now understand about length-
dependent activation of the myofilaments.
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FIGURE 4-13 Effects of increased initial muscle length (increased preload) on muscle shortening (isotonic contrac-
tions). The left panel shows a muscle lifting a load (afterload) at two different preload lengths (A and B). The right
panel shows how increasing the preload leads to increased shortening (AL) and increased velocity of shortening
(dL/dt; change in length with respect to time). The muscle shortens to the same minimal length when preload is in-

creased.
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FIGURE 4-14 Effects of increasing ventricular volume
(preload) on ventricular pressure development.
Increasing ventricular volume from a to ¢ and then stim-
ulating the ventricle to contract isovolumetrically in-
creases the developed pressure and the peak-systolic
pressure.

Effects of Afterload on Stroke Volume
Afterload is the “load” against which the
heart must contract to eject blood. A major
component of the afterload for the left ventri-
cle is the aortic pressure, or the pressure the
ventricle must overcome to eject blood. The
greater the aortic pressure, the greater the af-
terload on the left ventricle. For the right ven-
tricle, the pulmonary artery pressure repre-
sents the major afterload component.
Ventricular afterload, however, involves
factors other than the pressure that the ven-
tricle must develop to eject blood. One way to

estimate the afterload on the individual car-
diac fibers within the ventricle is to examine
ventricular wall stress (a), which is propor-
tional to the product of the intraventricular
pressure (P) and ventricular radius (r), divided
by the wall thickness (h) (Equation 4-2). This
relationship for wall stress assumes that the
ventricle is a sphere. The determination of ac-
tual wall stress is complex and must consider
not only ventricular geometry, but also muscle
fiber orientation. Nonetheless, Equation 4-2
helps to illustrate the factors that contribute
to wall stress and therefore afterload on the
muscle fibers.
P-r

7T Th

Wall stress can be thought of as the average
tension that individual muscle fibers within
the ventricular wall must generate to shorten
against the developed intraventricular pres-
sure. At a given intraventricular pressure, wall
stress is increased by an increase in radius
(ventricular dilation). Therefore, afterload is
increased whenever intraventricular pressures
are increased during systole and by ventricu-
lar dilation. On the other hand, a thickened,
hypertrophied ventricle will have reduced
wall stress and afterload on individual fibers.
Ventricular wall hypertrophy can be thought

Eq. 4-2



of as an adaptive mechanism by which the
ventricle is able to offset the increase in wall
stress that accompanies increased aortic pres-
sure, aortic valve stenosis, or ventricular dila-
tion.

Effects of Afterload on Frank-Starling
Curves

An increase in afterload shifts the Frank-
Starling curve down and to the right (Fig.
4-15). Therefore, at a given preload (LVEDP
in Figure 4-15), an increase in afterload de-
creases stroke volume. Conversely, decreasing
afterload shifts the curves up and to the left,
thereby increasing the stroke volume at any
given preload. For reasons discussed later,
changes in afterload result in a subsequent
change in preload so that as the Frank-
Starling curve shifts, the operating point for
the curve shifts diagonally, as shown in Figure
4-15. In the normal heart, changes in after-
load do not have pronounced effects on stroke
volume; however, the failing ventricle is very
sensitive to changes in afterload.

Effects of Afterload on the Velocity of Fiber
Shortening (Force-Velocity Relationship)

The decrease in stroke volume that accompa-
nies an increase in afterload is caused by im-
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FIGURE 4-15 Effects of changes in afterload on Frank-
Starling curves. An increase in afterload shifts the oper-
ating point of the Frank-Starling curve from A to B,
whereas a decrease in afterload shifts the operating
point from A to C. Therefore, increased afterload de-
creases stroke volume and increases end-diastolic pres-
sure (preload). The converse also is true.
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paired emptying of the ventricle. The basis
for this is found in the force-velocity rela-
tionship of cardiac myocytes. The force-
velocity relationship shows how afterload af-
fects the velocity of shortening when muscle
fibers contract isotonically. To illustrate this, a
papillary muscle is placed in an in vitro bath
and a load is attached to one end (Fig. 4-16,
left panel). When the muscle contracts, the
fiber first generates tension isometrically
(right panel, a to b) until the developed ten-
sion exceeds the load imposed on the muscle.
When this point is reached, the muscle fiber
begins to shorten and the tension remains
constant and equal to the load that is being
lifted (b to ¢). The maximal velocity of short-
ening occurs shortly after the muscle begins
to shorten. The muscle continues to shorten
until the muscle begins to relax. When active
tension falls below the load (point ¢), the
muscle resumes its resting length (i.e., pre-
load) (point ¢). Active tension continues to
fall isometrically (¢ to d) until only the passive
tension remains (point d).

If this experiment with the papillary mus-
cle were repeated with increasing loads, a de-
crease would occur in both the maximal ve-
locity of fiber shortening (maximal slope of
line) and the degree of shortening, as shown
in Figure 4-17. Plotting the maximal velocity
of shortening against the load that the muscle
fiber must shorten against (i.e., the afterload)
generates an inverse relationship between ve-
locity of shortening and afterload (Fig. 4-18).
In other words, the greater the afterload, the
slower the velocity of shortening.

To further illustrate the force-velocity rela-
tionship, consider the following example. If a
man holds a 2-pound dumbbell at his side
while standing, and then contracts his biceps
muscle at maximal effort, the weight will be
lifted at a relatively high velocity as the biceps
muscle shortens. If the weight is increased to
20 pounds, and the weight once again is lifted
at maximal effort, the velocity will be much
slower. Higher weights further reduce the ve-
locity until the weight can no longer be lifted
and the contraction of the biceps muscle be-
comes isometric. The x-intercept in the force
velocity diagram (see Fig. 4-18) is the point at
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FIGURE 4-16 Cardiac muscle isotonic contractions. The left panel shows how muscle length and tension are mea-
sured in vitro. The lower end of the muscle is attached to a weight (load) that is lifted up from an immovable plat-
form as the muscle develops tension and shortens (AL). A bar attached to the top of the muscle can be moved to
adjust initial muscle length (preload). The right panel shows changes in tension and length during contraction. The
periods from a to b and from c to d represent periods of isometric contraction and relaxation, respectively. Muscle
shortening (AL) occurs between b and ¢, which occurs when the developed tension (AT) exceeds the load.
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FIGURE 4-17 Effects of afterload on myocyte shorten-
ing. Increased afterload (curves a to c) decreases the de-
gree of muscle shortening and velocity of shortening at
a given preload.

which the afterload is so great that the muscle
fiber cannot shorten. The x-intercept there-
fore represents the maximal isometric force.
The y-intercept represents an extrapolated
value for the maximal velocity (V) that
would be achieved if there was no afterload.
The value is extrapolated because it cannot be
measured experimentally (a muscle will not
contract in the absence of any load).

It is important to note that a cardiac muscle
fiber does not operate on a single force-
velocity curve (Fig. 4-19). If preload is in-
creased, a cardiac muscle fiber will have a
greater velocity of shortening at a given after-

,<— Vmax

.
Y
.
..

Maximal Isometric
Force

Shortening Velocity

Afterload (Force)

FIGURE 4-18 Force-velocity relationship. Increased af-
terload (which requires increased force generation) de-
creases velocity of shortening by the muscle fiber. The x-
intercept represents the maximal isometric force; the
y-intercept represents the maximal velocity of shorten-
ing (V,,..,) extrapolated to zero load.

load. This occurs because the length-tension
relationship requires that as the preload is in-
creased, there is an increase in active tension
development. Once the fiber begins to shorten,
an increased preload with an increase in ten-
sion-generating capability causes a greater
shortening velocity. In other words, increasing
the preload enables the muscle to contract
faster against a given afterload; this shifts the
force-velocity relationship to the right. Note
that increasing the preload increases the maxi-
mal isometric force (x-intercept) as well as the
shortening velocity at a given afterload.
Changes in preload, however, do not alter V.
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FIGURE 4-19 Effects of increasing preload (shift from
curve a to ¢) on the force-velocity relationship. At a
given afterload, increasing the preload increases the ve-
locity of shortening. Furthermore, increasing the pre-
load shifts the x-intercept to the right, representing an
increase in isometric force generation.

Therefore, an increase in preload on a cardiac
myocyte helps to offset the reduction in velocity
that occurs when afterload is increased.

Effects of Afterload on Pressure-Volume
Loops

Changes in afterload produce secondary
changes in preload, as shown in Figure 4-15.
Therefore, afterload and preload are interde-
pendent variables. This interdependence can
best be described using pressure-volume loops
(Fig. 4-20). If afterload is increased by increas-
ing aortic diastolic pressure, the ventricle has
to generate increased pressure before the aor-
tic valve can open. The ejection velocity after
the valve opens will be reduced because in-
creased afterload decreases the velocity of car-
diac fibers shortening, as described by the
force-velocity relationship. Because only a fi-
nite period of time exists for electrical and me-
chanical systole, less blood will be ejected (de-
creased stroke volume) so that ventricular
end-systolic volume increases as shown in the
pressure-volume loop. The increased end-sys-
tolic volume inside the ventricle will be added
to the venous return, thereby increasing end-
diastolic volume. After several beats, a steady
state is achieved in which the increase in end-
systolic volume is greater than the increase in
end-diastolic volume so that the difference be-
tween the two—the stroke volume—is de-
creased (i.e., the width of the pressure-volume
loop is decreased). This increase in preload
secondary to the increase in afterload activates
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the Frank-Starling mechanism to partially
compensate for the reduction in stroke volume
caused by the increase in afterload.

Effects of Inotropy on Stroke Volume
Effects of Inotropy on Length-Tension
Relationship

Ventricular stroke volume is altered both by
changes in preload and afterload, and by
changes in ventricular inotropy (sometimes
referred to as contractility). Changes in ino-
tropy are caused by intrinsic cellular mecha-
nisms that regulate the interaction between
actin and myosin independent of changes in
sarcomere length. For example, if cardiac mus-
cle is exposed to norepinephrine, it increases
active tension development at any initial pre-
load length as shown by the length-tension re-
lationship (Fig. 4-21). This occurs because the
norepinephrine binds to §,-adrenoceptors, in-
creasing calcium entry into the cell and cal-
cium release by the sarcoplasmic reticulum
during contraction (see Chapter 3).

Effects of Inotropy on Force-Velocity
Relationship

Changes in inotropy also alter the force-veloc-
ity relationship. If the inotropic state of the
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FIGURE 4-20 Effects of increased afterload (aortic pres-
sure) on the steady-state left ventricular (LV) pressure-
volume loop. Heart rate and inotropy are held constant
in this illustration. Increased aortic pressure leads to an
increase in end-systolic volume (ESV), followed by a sec-
ondary, but smaller increase in end-diastolic volume
(EDV). The net effect is a narrower loop and therefore
decreased stroke volume.
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FIGURE 4-21 Effects of increased inotropy on the
length-tension relationship for cardiac muscle. In-
creasing inotropy (for example, by stimulating the car-
diac muscle with norepinephrine) shifts the total
tension curve upward, which increases active tension
development (vertical arrows) at any given preload
length.

myocyte is increased, the force-velocity curve
has a parallel shift up and to the right, result-
ing in an increase in both V,,,, and maximal
isometric force (Fig. 4-22). The increase in ve-
locity at any given afterload results from the
increased inotropy enhancing force genera-
tion by the actin and myosin filaments and in-
creasing the rate of cross-bridge turnover. The
increase in V,,, represents an increased in-
trinsic capability of the muscle fiber to gener-
ate force independent of load.

Effects of Inotropy on Pressure-Volume
Loops

The increased velocity of fiber shortening that
occurs with increased inotropy causes an in-
creased rate of ventricular pressure develop-
ment (dP/dt). This increases ejection velocity
and stroke volume and reduces end-systolic
volume, as shown in Figure 4-23. When ino-
tropy is increased, the end-systolic pressure-
volume relationship is shifted to the left and
becomes steeper, because the ventricle can
generate increased pressure at any given vol-
ume. The end-systolic pressure-volume rela-
tionship sometimes is used experimentally to
define the inotropic state of the ventricle. It is

Increasing Inotropy a — ¢

Shortening Velocity

Afterload (Force)

FIGURE 4-22 Effects of increasing inotropy (parallel
shift from curve a to ¢) on the force-velocity relation-
ship. Increased inotropy increases the velocity of short-
ening at any given afterload, and increases V.., (y-in-
tercept). Furthermore, increased inotropy increases
maximal isometric force (x-intercept).
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FIGURE 4-23 Effects of increasing inotropy on the
steady state of the left ventricular pressure-volume
loop. Heart rate and aortic pressure are held constant in
this illustration. Increased inotropy shifts the end-sys-
tolic pressure-volume relationship (see Fig. 4-4) up and
to the left, thereby decreasing end-systolic volume
(ESV). A secondary, but smaller decrease in end-diastolic
volume (EDV) follows. The net effect is an increase in
stroke volume (EDV — ESV). LV, left ventricle.

analogous to the upward shift that occurs in
the total tension curve in the length-tension
relationship (Fig. 4-21) when inotropy in-
creases. Furthermore, the increased stroke
volume leads to a reduction in ventricular
end-diastolic volume because less end-systolic
volume is available to be added to the incom-
ing venous return.



Effects of Inotropy on Frank-Starling
Curves

An increase in inotropy causes the Frank-
Starling curve to shift up and to the left (Fig.
4-24). This leads to an increase in stroke vol-
ume along with a reduction in ventricular pre-
load. Conversely, a decrease in inotropy (as
occurs in systolic heart failure; see Chapter 9),
shifts the relationship down and to the right,
thereby decreasing stroke volume and in-
creasing preload.

Changes in inotropy change the ejection
fraction, which is defined as the stroke vol-
ume divided by the end-diastolic volume. A
normal ejection fraction is greater than 0.55
(or 55%). Increasing inotropy increases ejec-
tion fraction, whereas decreasing inotropy de-
creases ejection fraction. Therefore, ejection
fraction often is used as a clinical index for
evaluating the inotropic state of the heart. In
heart failure, for example, a decrease in in-
otropy leads to a fall in stroke volume as well
as an increase in preload, thereby decreasing
ejection fraction sometimes to a value less
than 20%. Treating a patient in heart failure
with an inotropic drug (e.g., B-adrenoceptor
agonist or digoxin) shifts the depressed Frank-
Starling curve up and to the left, thereby in-
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FIGURE 4-24 Effects of changes in inotropy on Frank-
Starling curves. Decreased inotropy shifts the operating
point from A to B, which decreases stroke volume and
increases left ventricular end-diastolic pressure (LVEDP).
Increased inotropy causes a shift from point A to C
which increases stroke volume and decreases LVEDP.
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creasing stroke volume, decreasing preload,
and increasing ejection fraction.

Changes in inotropic state are particularly
important during exercise (see Chapter 9).
Increases in inotropic state help to maintain
stroke volume at high heart rates. Increased
heart rate alone decreases stroke volume be-
cause of reduced time for diastolic filling (de-
creased end-diastolic volume). When ino-
tropic state increases at the same time, this
decreases end-systolic volume to help main-
tain stroke volume.

Factors Influencing Inotropic State

Several factors influence inotropy (Fig. 4-25);
the most important of these is the activity of
autonomic nerves. Sympathetic nerves, by re-
leasing norepinephrine that binds to B,-
adrenoceptors on myocytes, are prominent in
ventricular and atrial inotropic regulation (see
Chapter 3). Parasympathetic nerves (vagal ef-
ferents), which release acetylcholine that
binds to muscarinic (M) receptors on my-
ocytes (see Chapter 3), have a significant neg-
ative inotropic effect in the atria but only a
small effect in the ventricles. High levels of
circulating epinephrine augment sympathetic
adrenergic effects via B,-adrenoceptor activa-
tion. In humans and some other mammalian
hearts, an abrupt increase in afterload can
cause a modest increase in inotropy (Anrep
effect) by a mechanism that is not fully un-
derstood. In addition, an increase in heart rate
can cause a small positive inotropic effect
(also termed the Bowditch effect, treppe, or
frequency-dependent activation). This latter
phenomenon probably is due to an inability of
the Na*/K*-ATPase to keep up with the
sodium influx at higher frequency of action
potentials at elevated heart rates, leading to an
accumulation of intracellular calcium via the
sodium-calcium exchanger (see Chapter 2).
Systolic failure that results from cardiomyopa-
thy, ischemia, valve disease, arrhythmias, and
other conditions is characterized by a loss of
intrinsic inotropy. In addition to these physio-
logic and pathologic mechanisms, a variety of
inotropic drugs are used clinically to increase
inotropy in acute and chronic heart failure.
These drugs include digoxin (inhibits sar-



84 CHAPTER 4

CASE 4-3

A 67-year-old male is diagnosed with left ventricular failure 4 months following an acute
myocardial infarction. One of the drugs he is given for treatment acts as a systemic arte-
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Effects of an arterial vasodilator on stroke volume
and left ventricular end-diastolic pressure (LVEDP) in
heart failure. In heart failure (specifically systolic fail-
ure — see Chapter 9), the Frank-Starling curve shifts
downward because of depressed inotropy. Arterial
vasodilation, which reduces afterload on the ventri-
cle, moves the operating point from A to B by shift-
ing the Frank-Starling curve upward. This leads to an
increase in stroke volume and a decrease in LVEDP
(preload).

rial vasodilator. Using Frank-Starling curves and left ventricular pressure-volume loops,
explain how decreasing afterload will improve left ventricular ejection fraction.

A systemic vasodilator reduces afterload on the left ventricle. This causes the
Starling curve to shift up and to the left from its depressed state (because of the loss of
inotropy in failure) (left figure). This shift increases stroke volume and at the same
time reduces preload (end-diastolic pressure) from point A to B in left figure. Systemic
vasodilation reduces aortic diastolic pressure, which enables the ventricle to eject
sooner, more rapidly, and to a smaller end-systolic volume (right figure). The reduced
end-systolic volume leads to a compensatory decrease in end-diastolic volume; how-
ever, the reduction in end-systolic volume will be greater than the reduction in end-
diastolic volume so that stroke volume is increased. By increasing stroke volume and
reducing the end-diastolic volume, the ejection fraction is increased.
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Effects of an arterial vasodilator on left ventricular
pressure-volume loops. Heart failure causes a down-
ward shift (reduced slope) of the end-systolic pres-
sure-volume relationship. This leads to an increase in
end-systolic volume, a smaller compensatory in-
crease in end-diastolic volume, and reduced stroke
volume. Reducing arterial pressure decreases
afterload on the ventricle, which leads to an increase
in stroke volume. This decreases left ventricular
end-systolic volume, and to a smaller extent, end-
diastolic volume. The net effect is an increase in
stroke volume. LV, left ventricle.

colemmal Na'/K*-ATPase), B-adrenoceptor
agonists (e.g., dopamine, dobutamine, epi-
nephrine, isoproterenol), and phosphodi-
esterase inhibitors (e.g., milrinone).

Mechanisms of Inotropy
Inotropy can be thought of as a length-inde-
pendent activation of the contractile pro-
teins. Any cellular mechanism that ultimately
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FIGURE 4-25 Factors regulating inotropy. (+), increased inotropy; (=), decreased inotropy.

alters myosin ATPase activity at a given sar-
comere length alters force generation and
therefore can be considered an inotropic
mechanism. Most of the signal transduction
pathways that regulate inotropy involve Ca**
(see Chapter 3). Briefly, inotropic state can be
enhanced by (1) increasing Ca** influx across
the sarcolemma during the action potential
(via L-type Ca™™" channels); (2) increasing the
release of Ca** by the sarcoplasmic reticu-
lum; or (3) sensitizing troponin C to Ca**. For
example, B;-adrenoceptor activation acting
through Gs-proteins increases cAMP, which
activates protein kinase-A. This enzyme can
phosphorylate different intracellular sites to
influence Ca* " entry, Ca** release, and Ca**
affinity. Cardiac glycosides such as digoxin in-
hibit the Na*/K*-ATPase, leading to an in-
crease in intracellular Ca™* and an increase in
inotropy.

MYOCARDIAL OXYGEN
CONSUMPTION

Changes in stroke volume, whether caused by
changes in preload, afterload, or inotropy, sig-
nificantly alter the oxygen consumption of the
heart. Changes in heart rate likewise affect
myocardial oxygen consumption. The con-
tracting heart consumes a considerable
amount of oxygen because of its need to re-
generate the large amount of ATP hydrolyzed
during contraction and relaxation. Therefore,
any change in myocardial function that affects
either the generation of force by myocytes or

their frequency of contraction will alter oxy-
gen consumption. In addition, even in non-
contracting cells, ATP utilized by ion pumps
and other transport functions requires oxygen
for the resynthesis of ATP.

How Myocardial Oxygen
Consumption is Determined

Oxygen consumption is defined as the volume
of oxygen consumed per min (e.g., mL
Oy/min) and is sometimes expressed per 100 g
of tissue weight (mL O/min per 100 g). The
myocardial oxygen consumption (MVO,) can
be calculated by knowing the coronary blood
flow (CBF) and the arterial and venous oxy-
gen contents (AO, and VO,) according to the
following equation that uses the Fick
Principle:

Eq. 4-3 MVO, = CBF - (AO, — VO,)

Myocardial oxygen consumption, there-
fore, is equal to the coronary blood flow mul-
tiplied by the amount of oxygen extracted
from the blood (the arterial-venous oxygen
difference). The content of oxygen in blood is
usually expressed as mL O/100 mL blood (or,
vol % O,). The oxygen content of arterial
blood is normally about 20 mL Oy100 mL
blood. To calculate the myocardial oxygen
consumption in the correct units, mL O,/100
mL blood is converted to mL O,/mL blood;
with this conversion, the arterial oxygen con-
tent is 0.2 mL Oy/mL blood. For example, if
CBF is 80 mL/min per 100 g, the AO, is 0.2
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mL O,/mL blood and VO, is 0.1 mL O,/mL
blood, MVO, = 8 mL O,/min per 100 g. This
value of myocardial oxygen consumption is
typical for what is found in a heart contracting
at resting heart rates against normal aortic
pressures. During heavy exercise, myocardial
oxygen consumption can increase to 70 mL
Oy/min per 100 g, or more. If contractions are
arrested (e.g., by depolarization of the heart
with a high concentration of potassium chlo-
ride), the myocardial oxygen consumption de-
creases to about 2 mL Oy/min per 100g. This
value represents the energy costs of cellular
functions not associated with contraction.
Therefore, myocardial oxygen consumption
varies considerably depending on the state of
mechanical activity.

Although myocardial oxygen consumption
can be calculated as described above, gener-
ally it is not feasible to measure coronary
blood flow and venous oxygen content except
in experimental studies. Coronary blood flow
can be measured by placing flow probes on
coronary arteries or a thermodilution catheter
within the coronary sinus. Arterial oxygen
content can be taken from a peripheral artery,
but the venous oxygen content has to be ob-
tained from the coronary sinus by inserting a
catheter into the right atrium and then into
the coronary sinus.

Indirect indices of myocardial oxygen con-
sumption have been developed to estimate

myocardial oxygen consumption when it is not
feasible to measure it. Although no index has
proven to be satisfactory over a wide range of
physiologic conditions, one simple index
sometimes used in clinical studies is the pres-
sure-rate product (also called the double-
product). This index can be measured nonin-
vasively by multiplying heart rate and systolic
arterial pressure (mean arterial pressure
sometimes is used instead of systolic arterial
pressure). The pressure-rate product assumes
that the pressure generated by the ventricle is
not significantly different than the aortic pres-
sure (i.e., there is no aortic valve stenosis).
Experiments have shown that a reasonable
correlation exists between changes in the
pressure-rate product and myocardial oxygen
consumption. For example, if arterial pres-
sure, heart rate, or both become elevated, oxy-
gen consumption will increase.

Factors Influencing Myocardial
Oxygen Consumption

Part of the difficulty in finding a suitable index
of oxygen consumption is that several factors
determine myocyte oxygen consumption, in-
cluding frequency of contraction, inotropic
state, afterload, and preload (Table 4-1). For
example, doubling heart rate approximately
doubles oxygen consumption, because myo-
cytes are generating twice the number of ten-

PROBLEM 4-3

In an experimental study, administration of an inotropic drug is found to increase coro-
nary blood flow (CBF) from 50 to 150 mL/min and increase the arterial-venous oxygen
difference (AO, - VO,) from 10 to 14 mL O,/100 mL blood. Calculate the percent in-
crease in myocardial oxygen consumption (MVO,) caused by infusion of this drug.
Myocardial oxygen consumption can be calculated from Equation 4-3, such that

MVO, = CBF - (AO, —

The control oxygen consumption is 50 mL/min times the A-V oxygen difference of
0.1 mL O./mL blood, which equals 5 mL O,/min. Note that the arterial-venous oxygen
difference must be converted from mL O,/100 mL blood to mL O,/mL blood. The experi-
mental oxygen consumption is 150 mL/min times 0.14 mL O,/mL blood, which equals 21
mL O,/min. This is a 320% increase in oxygen consumption ([(21 -5)/5] x 100).

VO,)




TABLE 4-1 FACTORS INCREASING
MYOCARDIAL OXYGEN
CONSUMPTION

T Heart Rate
T Inotropy

T Afterload
T Preload*

*Changes in preload affect oxygen consumption
much less than do changes in the other factors.

sion cycles per minute. Increasing inotropy in-
creases oxygen consumption because both the
rate of tension development and the magni-
tude of tension are increased, and they both
are associated with increased ATP hydrolysis
and oxygen consumption. An increase in af-
terload likewise increases oxygen consump-
tion because it increases the tension that must
be developed by myocytes. Increasing stroke
volume by increasing preload (end-diastolic
volume) also increases oxygen consumption.
Quantitatively, increased preload has less
impact on oxygen consumption than does an
increase in afterload (e.g., aortic pressure). To
understand why, we need to examine the rela-
tionship between wall stress, pressure, and ra-
dius of the ventricle. As discussed earlier (see
Equation 4-2), ventricular wall stress (o) is
proportional to the intraventricular pressure
(P) multiplied by the ventricular internal ra-

dius (r) and divided by the wall thickness (h).
P-r

T Th

Wall stress is related to the tension an indi-
vidual myocyte must develop during contrac-
tion to generate a given ventricular pressure.
At a given radius and wall thickness, a my-
ocyte must generate increased contractile
force (ie., wall stress) to develop a higher
pressure. The contractile force must be in-
creased even further to generate the same el-
evated pressure if the ventricular radius is in-
creased. For example, if the ventricle is
required to generate 50% more pressure than
normal to eject blood because of elevated aor-
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tic pressure, the wall stress that individual
myocytes must generate will be increased by
approximately 50%. This will increase the oxy-
gen consumption of these myocytes by about
50% because changes in oxygen consumption
are closely related to changes in wall stress. As
a second example, if the radius of the ventri-
cle is increased by 50%, the wall stress needed
by the myocytes to eject blood at a normal
pressure will be increased by about 50%. On
the other hand, if the ventricular end-diastolic
volume is increased by 50% and the pressure
and wall thickness remain unchanged, the
wall stress will be increased by only about
14%. The reason for this is that a large change
in ventricular volume (V) requires only a small
change in radius (r). If we assume that the
shape of the ventricle is a sphere, then

4
V=—mxm1

3

By rearranging this relationship, we find that
re 3VV

Substituting this into the wall stress equation
results in

P-3\VV

Eq. 4-4 T o<
q h

Although no single acceptable model for the
shape of the ventricle exists because its shape
changes during contraction, a sphere serves as
a convenient model for illustrating why
changes in volume have a relatively small af-
fect on wall stress and oxygen consumption.
Using this model, Equation 4-4 shows that in-
creasing the end-diastolic volume by 50% (by
a factor of 1.5) represents only a 14% (cube
root of 1.5) increase in wall stress at a given
ventricular pressure, whereas a 50% increase
in pressure increases wall stress by 50%.
Therefore, increasing pressure by a given per-
centage increases wall stress about four times
more than the same change in volume.
Relating the wall stress equation to oxygen
consumption helps to explain why increases in
pressure generation have a much greater in-
fluence on oxygen consumption than a similar
percentage increase in ventricular preload. It
is important, however, not to use the wall
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stress equation to estimate oxygen demands
by the whole heart. The reason for this is that
wall stress estimates the tension required by
individual myocytes to generate pressure as
they contract. This wall stress, in large part,
determines the oxygen consumption of indi-
vidual myocytes, but oxygen consumption of
the whole heart is the sum of the oxygen con-
sumed by all of the myocytes. A hypertro-
phied ventricle with a thicker wall, which has
reduced wall stress, may not have a reduction
in overall oxygen consumption as suggested by
Equation 4-4. In fact, because of its greater
muscle mass, oxygen consumption may be sig-
nificantly increased in a hypertrophied heart,
particularly if its efficiency is impaired by dis-
ease. A less efficient heart performs less work
per unit oxygen consumed (i.e., it generates
less pressure and stroke volume).

The concepts described above have impli-
cations for treating patients with coronary
artery disease (CAD). For example, drugs that
decrease afterload, heart rate, and inotropy
are particularly effective in reducing myocar-
dial oxygen consumption and relieving symp-
toms of chest pain (i.e., angina), which results
from inadequate oxygen delivery relative to
the oxygen demands of the myocardium.
CAD patients are counseled to avoid activities
such as lifting heavy weights that lead to large
increases in arterial blood pressure. In con-
trast, CAD patients are often encouraged to
participate in exercise programs such as walk-
ing that utilize preload changes to augment
cardiac output by the Frank-Starling mecha-
nism. It is important to minimize stressful sit-
uations in these patients because stress causes
sympathetic activation of the heart and vascu-
lature that increases heart rate, inotropy, and
afterload, all of which lead to significant in-
creases in oxygen demand by the heart.

SUMMARY OF IMPORTANT
CONCEPTS

* The cardiac cycle is divided into two gen-
eral phases: diastole and systole. Diastole
refers to the period of time that the ventri-
cles are undergoing relaxation and filling
with blood from the atria. Ventricular filling

is primarily passive, although atrial contrac-
tion has a variable effect on the final extent
of ventricular filling (end-diastolic volume).
Systole, or ventricular contraction, is initi-
ated by electrical depolarization of the ven-
tricles, which is represented by the QRS
complex of the electrocardiogram.
Ventricular ejection begins when ventricu-
lar pressure exceeds the pressure within the
outflow tract (aorta or pulmonary artery)
and continues until ventricular relaxation
causes the ventricular pressures to fall suffi-
ciently below the aortic and pulmonary
artery pressures to cause the aortic and pul-
monic valves to close. The volume of blood
remaining in the ventricle at the end of
ejection is the end-systolic volume.

The first heart sound (S,) originates from
closure of the atrioventricular valves (tri-
cuspid and mitral) as the ventricles begin to
contract. The second heart sound (S,) re-
sults from the closure of the pulmonic and
aortic valves at the end of ventricular sys-
tole. The third and fourth heart sounds (S,
and S,), when audible, occur during early
diastole and atrial contraction, respectively.
Ventricular stroke volume is the difference
between the end-diastolic and end-systolic
volumes. Ventricular ejection fraction is
calculated as the stroke volume divided by
the end-diastolic volume. Ejection fraction
is frequently used in a clinical setting to as-
sess the inotropic state of the left ventricle.
Cardiac output is the product of stroke vol-
ume and heart rate. Normally, cardiac out-
put is influenced more by changes in heart
rate than by changes in stroke volume;
however, impaired regulation of stroke vol-
ume can have a significant adverse affect
on cardiac output, as occurs during heart
failure.

Ventricular preload is related to the extent
of ventricular filling (end-diastolic volume)
and the sarcomere length. Preload can be
increased by several factors: increased
blood volume, augmented venous return,
decreased venous compliance (venous con-
striction), atrial contraction force, and de-
creased heart rate (increases filling time);
indirectly, preload can be increased by a



loss of ventricular inotropy or an increase
in afterload.

Increased preload increases the force of
contraction. The length-tension diagram,
in which an increase in preload increases
active tension, shows this. Additionally, in-
creased preload increases the velocity of
fiber shortening, as shown by a shift in the
force-velocity relationship to the right. By
itself, an increase in preload increases
stroke volume (Frank-Starling mecha-
nism) without changing the end-systolic
volume.

Ventricular afterload can be estimated by
ventricular wall stress, which is the product
of ventricular pressure and ventricular ra-
dius divided by the ventricular wall thick-
ness. Therefore, left ventricular afterload
(wall stress) is increased by elevated ven-
tricular pressures during systole (e.g., as
occurs in hypertension) or when the ventri-
cle is dilated (increased radius). Increased
wall thickness, as occurs in hypertrophy, re-
duces the wall stress experienced by indi-
vidual myocytes.

Increased afterload decreases the velocity
of fiber shortening during contraction, as
shown by the force-velocity relationship. In
the whole heart, this reduces stroke vol-
ume and increases end-systolic volume at a
given preload and causes the Frank-
Starling curve to shift downward. In addi-
tion, increased afterload increases end-
diastolic volume secondarily to the increase
in end-systolic volume.

Inotropy is the property of a cardiac myo-
cyte that enables it to alter its tension
development independent of changes in
preload length. Autonomic nerves and cir-
culating catecholamines are important
mechanisms for regulating inotropy, al-
though increases in afterload and heart rate
can augment inotropy. Loss of inotropy re-
sults in heart failure.

Increased inotropy enhances active tension
development by individual muscle fibers
and increases ventricular pressure develop-
ment, ejection velocity, and stroke volume
at a given preload and afterload. Increased
inotropy normally leads to a reduction in
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preload secondary to the decrease in end-
systolic volume.

Myocardial oxygen consumption can be
calculated using the Fick Principle, in
which oxygen consumption equals the
product of the coronary blood flow and the
arteriovenous oxygen difference. Myo-
cardial oxygen consumption is strongly in-
fluenced by changes in arterial pressure,
heart rate, and inotropy; it is less influ-
enced by changes in stroke volume.

Please refer to the appendix for the answers
to the review questions.

For each question, choose the one best
answer:

1.

During the phase of rapid ventricular
filling,
a. S, may sometimes be heard.
b. The aortic valve is open.
c. The mitral valve is open.
d. Ventricular pressure is higher than
aortic pressure.

Right ventricular preload is increased by
which of the following?

a. Decreased atrial contractility

b. Decreased blood volume

c. Decreased heart rate

d. Decreased ventricular compliance

As the preload on a ventricular myocyte
is increased,
a. Active tension development increases.
b. Inotropy decreases.
c. Sarcomere length decreases.
d. Velocity of shortening decreases.

Left ventricular end-diastolic pressure is
increased by

a. Decreased afterload.

b. Decreased venous return.

c. Increased inotropy.

d. Ventricular hypertrophy.

Ventricular stroke volume is reduced by
a. Decreased inotropy.
b. Increased venous return.
c. Reduced afterload.
d. Reduced heart rate.
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6. Left ventricular end-systolic volume is
a. Decreased when aortic pressure is
suddenly increased.
b. Greater than end-diastolic volume.
c. Increased when inotropy is im-
paired.
d. Reduced at increased preloads.

7. Myocardial inotropic state is enhanced by
a. B,-adrenoceptor mediated increases
in cAMP.
b. Decreasing heart rate.
c. Inhibiting slow inward calcium
movement.
d. Vagal activation.

8. Increasing the inotropic state of the
myocardium will

a. Increase end-systolic volume.

b. Increase the width of the pressure-
volume loop.

c. Increase ventricular end-diastolic
volume.

d. Shift the force-velocity relationship
to the left.

9. Increased afterload on the ventricle
a. Decreases end-systolic volume.
b. Decreases the velocity of shortening.
c. Increases stroke volume.
d. Increases V,,, in the force-velocity
relationship.

10. If each of the following is increased by
50%, which one would cause the smallest
change in myocardial oxygen consump-
tion?

a. Heart rate

b. Ventricular end-diastolic volume
c. Mean arterial pressure

d. Ventricular radius

SUGGESTED READINGS

Braunwald E, Ross |, Sonnenblick EH. Mechanisms of
Contraction of the Normal and Failing Heart. 2nd
Ed. Boston: Little, Brown & Co, 1976.

Covell JW, Ross J: Systolic and diastolic function (me-
chanics) of the intact heart. In: Page E, Fozzard HA,
Solaro RJ, eds. Handbook of Physiology, vol. 1.
Bethesda: American Physiological Society,
2002:741-785.

Fuchs F, Smith SH. Calcium, cross-bridges, and the
Frank-Starling relationship. News Physiol Sci
2001;16:5-10.

Katz AM. Physiology of the Heart. 3rd Ed. Philadelphia:
Lippincott Williams & Wilkins, 2001.

Lilly LS. Pathophysiology of Heart Disease. 3rd Ed.
Philadelphia: Lippincott Williams & Wilkins, 2003.

Opie LH. The Heart: Physiology from Cell to
Circulation. 3rd Ed. Philadelphia: Lippincott
Williams & Wilkins, 1998.

Sagawa K, Maughan L, Suga H, Sunagawa K. Cardiac
Contraction and the Pressure-Volume Relationship.
New York: Oxford University Press, 1988.



chapter

Vascular Function

| CD-ROM MATERIALS
LEARNING OBJECTIVES VENOUS BLOOD PRESSURE

INTRODUCTION | Venous Blood Volume and
ANATOMY AND FUNCTION | Compliance
Vascular Network | Mechanical Factors Affecting Central
Distribution of Pressures and Venous Pressure and Venous
Volumes Return
|ARTERIAL BLOOD PRESSURE| | VENOUS RETURN AND CARDIAC 0UTPUT|
Aortic Pulse Pressure| The Balance between Venous Return
Mean Arterial Pressure | and Cardiac Output
Hemodynamics (Pressure, Flow and Systemic Vascular Function Curves|
Resistance) [Cardiac Function Curves |
REGULATION OF SYSTEMIC VASCULAR Interactions between Cardiac and
RESISTANCE Systemic Vascular Function Curves
Calculation of Systemic Vascular SUMMARY OF IMPORTANT CONCEPTS |
Resistance | REVIEW QUESTIONS |

| SUGGESTED READINGS |

(b Xelo] 121} I | Critical Stenosis
‘Valsalva Maneuver

LEARNING OBJECTIVES

Understanding the concepts presented in this chapter will enable the student to:

1.

Name the different types of vessels constituting the vascular network of the body and
describe the general function of each.

Describe the factors that determine arterial pulse pressure.

Describe how changes in cardiac output, systemic vascular resistance, and central venous
pressure affect mean arterial pressure.

Describe in quantitative terms how changes in vessel radius, vessel length, blood viscos-
ity, and perfusion pressure affect blood flow.

Calculate total resistance from series or parallel resistance networks.

Explain why the pressure drop across small arteries and arterioles is much greater than
the pressure drop across other vessel types.

Define vascular tone and list factors that alter vascular tone.

Explain how each of the following affects central venous pressure: blood volume, venous
compliance, gravity, respiration, and muscle contraction.

Define mean circulatory filling pressure and explain what determines its value.

. Using cardiac and systemic function curves, explain how changes in blood volume, ve-

nous compliance, vascular resistance, and cardiac performance influence the equilibrium
between right atrial pressure and cardiac output.
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INTRODUCTION

ANATOMY AND FUNCTION

The vascular system serves two basic func-
tions: distribution and exchange. Distribution
includes transporting blood to and away from
organs. The anatomical arrangement of the
vasculature and physiologic control mecha-
nisms that dilate or constrict blood vessels de-
termine this transport. Changes in vessel di-
ameters regulate blood pressure and
determine the amount of blood flow to spe-
cific organs and regions within organs. This
chapter focuses on vascular anatomy and the
general principles involved in the regulation
of blood pressure and blood flow. Chapters 6
and 7 describe these physiologic control
mechanisms in more detail. The exchange
function is described in Chapter 8.

Aorta

1

Arteriole

Capillaries

Vascular Network

The left ventricle ejects blood into the aorta,
which then distributes the blood flow
throughout the body using a network of arter-
ial vessels. These vessels are illustrated in
Figure 5-1. Table 5-1 summarizes the relative
sizes and functions of different blood vessels.
The aorta, besides being the main vessel
to distribute blood from the heart to the arte-
rial system, dampens the pulsatile pressure
that results from the intermittent ejection of
blood from the left ventricle. The dampening
is a function of the aortic compliance, which is
discussed in more detail later in this chapter.
Large arteries branching off the aorta (e.g.,
carotid, mesenteric, and renal arteries) dis-

Venule

FIGURE 5-1 Major types of blood vessels found within the circulation.

TABLE 5-1 SIZE AND FUNCTION OF DIFFERENT TYPES OF BLOOD VESSELS IN

THE SYSTEMIC CIRCULATION

VESSEL TYPE DIAMETER (MM) FUNCTION

Aorta 25 Pulse dampening and distribution
Large arteries 1.0-4.0 Distribution

Small arteries 0.2-1.0 Distribution and resistance

Arterioles 0.01-0.20 Resistance (pressure/flow regulation)
Capillaries 0.006-0.010 Exchange

Venules 0.01-0.20 Exchange, collection, and capacitance
Veins 0.2-5.0 Capacitance function (blood volume)

Vena cava 35

Collection



tribute the blood flow to specific organs or re-
gions of the body. These large arteries, al-
though capable of constricting and dilating,
serve no significant role in the regulation of
pressure and blood flow under normal physio-
logic conditions. Once the distributing artery
reaches the organ to which it supplies blood, it
branches into smaller arteries that distrib-
ute blood flow within the organ. These smaller
arteries continue branching into smaller and
smaller vessels. Once they reach diameters of
less 200 pm, they are termed arterioles. No
clear demarcation between small arteries and
arterioles exists; therefore, no consensus has
been reached regarding the point at which a
small artery becomes an arteriole. Many in-
vestigators speak of different branching or-
ders of arterial vessels within a tissue or organ.
Most would agree that arterioles have only a
few layers of vascular smooth muscle and are,
in general, less than 200 wm in diameter.

Together, the small arteries and arterioles
represent the primary resistance vessels that
regulate arterial blood pressure and blood
flow within organs. Resistance vessels are
highly innervated by autonomic nerves (par-
ticularly sympathetic adrenergic), and they
constrict or dilate in response to changes in
nerve activity. The resistance vessels are richly
endowed with receptors that bind circulating
hormones (e.g., catecholamines, angiotensin
II), which can alter vessel diameter (see
Chapters 3 and 6). They also respond to vari-
ous substances (e.g., adenosine, potassium
ion, and nitric oxide) produced by the tissue
surrounding the vessel or by the vascular en-
dothelium.

As arterioles become smaller in diameter
(<10 pm), they lose their smooth muscle.
Vessels that have no smooth muscle and are
composed of only endothelial cells and a base-
ment membrane are termed capillaries.
Although they are the smallest vessels within
the circulation, they have the greatest cross-
sectional area because they are so numerous.
Because the total blood flow of capillaries is
the same as the flow within the aorta leaving
the heart, and because the capillary cross-
sectional area is about 1000 times greater than
the aorta, the mean velocity of blood flowing
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within capillaries (0.05 cm/sec) is about one
thousand-fold less than the velocity in the
aorta (50 cm/sec). The reason for this is that
flow (F) is the product of mean velocity (V)
times cross-sectional area (A) (F = V-A).
When this expression is rearranged, we find
that the mean velocity is inversely propor-
tional to cross-sectional area (V = F/A).

Capillaries have the greatest surface area
for exchange. Endothelium, oxygen, carbon
dioxide, water, electrolytes, proteins, meta-
bolic substrates and by-products, and circulat-
ing hormones are exchanged across the capil-
lary between the plasma and the tissue
interstitium surrounding it (see Chapter 8).
Capillaries, therefore, are the primary ex-
change vessels within the body.

When capillaries join together, they form
post-capillary venules, which serve as ex-
change vessels for fluid and macromolecules
because of their high permeability. As post-
capillary venules converge and form larger
venules, smooth muscle reappears. These ves-
sels, like the resistance vessels, are capable of
dilating and constricting. Changes in venular
diameter regulate capillary pressure and ve-
nous blood volume.

Venules converge to form larger veins.
Together, venules and veins are the primary
capacitance vessels of the body, i.e., the site
where most of the blood volume is found and
regional blood volume is regulated. Con-
striction of veins decreases venous blood vol-
ume and increases venous pressure, which can
alter cardiac output by affecting right atrial
and ventricular preload. The final venous ves-
sels are the inferior and superior vena cavae,
which carry the blood back to the right atrium
of the heart.

Distribution of Pressures
and Volumes

Blood pressure is highest in the aorta and pro-
gressively decreases as the blood flows further
away from the heart (Fig. 5-2). The mean aor-
tic pressure is about 95 mm Hg in a normal
adult. The mean blood pressure does not fall
much as the blood flows down the aorta and
through large distributing arteries. The reason
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FIGURE 5-2 Distribution of pressures and volumes in the systemic circulation. The greatest pressure drop occurs
across small arteries and arterioles; most of the blood volume is found within the veins and venules.

for this is that the aorta and large arteries have
relatively little resistance to flow, and there-
fore little loss of pressure energy occurs along
their lengths. It is not until the blood reaches
the small arteries and arterioles (the primary
resistance vessels) that there is a large fall in
mean arterial blood pressure. Approximately
50% to 70% of the pressure drop within the
vasculature occurs within the resistance ves-
sels. The reason for this is that small arteries
and arterioles, as a group, have the highest re-
sistance to flow and therefore produce the
greatest pressure drop along their length. By
the time blood reaches the capillaries the
mean blood pressure may be 25-30 mm Hg,
depending on the organ. It is important that
the capillary pressure is relatively low; other-
wise, large amounts of fluid would leak
through the capillaries (and post-capillary
venules), causing tissue edema (see Chapter
8). The pressure falls further as blood travels
through veins back to the heart. Pressure
within the thoracic vena cava near the right
atrium is very close to zero, although it fluctu-
ates by a few millimeters of mercury (mm Hg)
during the cardiac cycle and because of respi-
ratory activity.

The greatest volume (60% to 80%) of
blood within the circulation resides within the
venous vasculature. This is why veins are re-

ferred to as capacitance vessels. The relative
volume of blood between the arterial and
venous sides of the circulation can vary con-
siderably depending on total blood volume,
intravascular pressures, and vascular compli-
ance. The latter varies depending on the state
of venous contraction, which is primarily reg-
ulated by sympathetic nerves innervating the
veins.

ARTERIAL BLOOD PRESSURE

Ejection of blood into the aorta by the left
ventricle results in a characteristic aortic pres-
sure pulse (Fig. 5-3). The peak pressure of the
aortic pulse is termed the systolic pressure,
and the lowest pressure in the aorta, which is

«—P

systolic

~—P

diastolic

P

FIGURE 5-3 Pressure pulse within the aorta. The pulse
pressure is the difference between the maximal pressure
(systolic) and the minimal pressure (diastolic). The mean
pressure is approximately equal to the diastolic pressure
plus one-third the pulse pressure.

Pulse Pressure = P

systolic diastolic



found just before the ventricle ejects blood
into the aorta (see Fig. 4-2), is termed the di-
astolic pressure. The difference between
the systolic and diastolic pressures is the aor-
tic pulse pressure. If, for example, the sys-
tolic pressure is 130 mm Hg and the diastolic
pressure is 85 mm Hg, then the pulse pres-
sure is 45 mm Hg. Therefore, any factor that
affects either systolic or diastolic pressures af-
fects pulse pressure.

As blood flows down the aorta and into dis-
tributing arteries, characteristic changes take
place in the shape of the pressure wave contour.
As the pressure pulse moves away from the
heart, the systolic pressure rises, and the dias-
tolic pressure falls. Although it is not clear why
the pressure pulse changes shape, it probably is
related to a number of factors including (1) de-
creased compliance of distal arteries and (2) re-
flective waves, particularly from arterial branch
points, which summate with the pulse wave
traveling down the aorta and arteries. In addi-
tion, mean arterial pressure declines as the
pressure pulse travels down distributing arteries
owing to the resistance of the arteries; however,
the reduction in mean pressure is small (just a
few mm Hg) because the distributing arteries
have a relatively low resistance. Therefore, the
values measured for arterial pressure differ de-
pending on the site of measurement. When the
arterial pressure is measured using a sphygmo-
manometer (i.e., blood pressure cuff) on the
upper arm, the pressure measurement repre-
sents the pressure within the brachial artery.
The measured pressures, however, are not iden-
tical with the systolic and diastolic pressures
found in the aorta or the pressures measured in
other distributing arteries.

Aortic Pulse Pressure

The compliance of the aorta and the ventricu-
lar stroke volume determines pulse pressure.
Compliance is defined by the relationship
between volume and pressure, in which com-
pliance equals the slope of that relationship,
or the change in volume (AV) divided by the
change in pressure (AP) at a given pressure
(see Compliance from Chapter 4 on CD). The
compliance of a blood vessel is determined in
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large part by the relative proportion of elastin
fibers versus smooth muscle and collagen in
the vessel wall (see Fig. 3-7). Elastin fibers of-
fer the least resistance to stretch, whereas col-
lagen offers the greatest resistance. A vessel
such as the aorta that has a greater proportion
of elastin fibers versus smooth muscle and col-
lagen has a relatively low resistance to stretch
and therefore has the greatest compliance.

The relatively high compliance of the aorta
dampens the pulsatile output of the left ventri-
cle, thereby reducing the pulse pressure. If the
aorta were a rigid tube, the pulse pressure
would be very high. However, as blood is
ejected into the aorta, the walls of the aorta ex-
pand to accommodate the increase in blood
volume contained within the aorta because the
aorta is compliant. As the aorta expands, the
increase in pressure is determined by change
in aortic volume divided by the compliance of
the aorta at that particular range of volumes.
The more compliant the aorta, the smaller the
pressure change (i.e., pulse pressure) at any
given change in aortic volume (Fig. 5-4).

A change in compliance affects only pulse
pressure and not the mean pressure, which re-
mains unchanged as long as cardiac output
and systemic vascular resistance do not
change. In contrast, a change in stroke volume
changes mean aortic pressure in addition to
pulse pressure if the cardiac output changes.
For example, if stroke volume and cardiac
output are increased by an increase in in-
otropy, both pulse pressure and mean arterial
pressure increase. If, however, cardiac output
is not changed when stroke volume changes
(e.g., if a decrease in heart rate accompanies
the increase in stroke volume), then only the
pulse pressure changes—the mean aortic
pressure does not change.

No single value for aortic compliance exists
because the relationship between volume and
pressure is not linear. At higher volumes and
pressures, the slope of the relationship de-
creases and compliance decreases. Therefore,
at very high mean arterial pressures, the re-
duced compliance results in an increase in
pulse pressure at a given stroke volume. Age
and arteriosclerotic disease also decrease aor-
tic compliance, which increases aortic pulse
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FIGURE 5-4 Effects of stroke volume and aortic compliance on aortic pulse pressure. At a given aortic compliance,
increasing the stroke volume (4V) into the aorta increases the pulse pressure (PP). At a given stroke volume, de-
creasing the aortic compliance (decreased slope of AV/AP) increases the pulse pressure.

pressure (see Fig. 5-4). It is common for el-
derly people to have aortic pulse pressures of
60 mm Hg or more, whereas younger adults
have aortic pulse pressures of about 40-45
mm Hg at resting heart rates.

In summary, aortic pulse pressure is deter-
mined by ventricular stroke volume and aortic
compliance (Fig. 5-5). Any factor that changes
stroke volume (e.g., ventricular preload, after-
load and inotropy; heart rate) or aortic compli-
ance (e.g., age, arteriosclerosis, hypertension)
alters aortic pulse pressure. Beat-to-beat
changes in pulse pressure occur owing to
changes in stroke volume. In contrast, chronic,
long-term increases in pulse pressure are due
to decreased aortic compliance.

Mean Arterial Pressure

Because of the shape of the aortic pressure
pulse, the value for the mean pressure (geo-
metric mean) is less than the arithmetic aver-
age of the systolic and diastolic pressures as
shown in Figure 5-3. At normal resting heart
rates, mean aortic (or arterial) pressure (MAP)
can be estimated from the diastolic (P,,) and
systolic (Py,) pressures by Equation 5-1:

Eq.5-1  MAP =P, + % (Py, — Pya)

For example, if systolic pressure is 120 mm
Hg and diastolic pressure is 80 mm Hg, the

T Preload ¢ Afterload

¢ Heart Rate

i

T Inotropy
Stroke
Volume

T Aortic Pulse
Pressure

!

Aortic
Compliance

!

Age
Arteriosclerosis
Hypertension

FIGURE 5-5 Factors affecting aortic pulse pressure.
Pulse pressure is increased by those factors that increase
stroke volume or decrease aortic compliance.

mean arterial pressure will be approximately
93 mm Hg. At high heart rates, however,
mean arterial pressure is more closely approx-
imated by the arithmetic average of systolic
and diastolic pressure because the shape of



the arterial pressure pulse changes (it be-
comes narrower) as the period of diastole
shortens more than does systole. Therefore, to
determine mean arterial pressure accurately,
analog electronic circuitry or digital tech-
niques are used. In clinical practice (e.g., dur-
ing routine blood pressure measurement us-
ing a sphygmomanometer), only systolic and
diastolic arterial pressures are measured.
Mean arterial pressure, however, is needed
whenever hemodynamic information is re-
quired to assess systemic vascular function.

No single value exists for normal mean ar-
terial pressure. In infant children, the mean
arterial pressure may be only 70 mm Hg,
whereas in older adults, mean arterial pres-
sure may be 100 mm Hg. With increasing age,
the systolic pressure generally rises more than
diastolic pressure; therefore, the pulse pres-
sure increases with age. Small differences ex-
ist between men and women, with women
having slightly lower pressures at equivalent
ages. In adults, arterial pressure is considered
normal when the systolic pressure is less than
120 mm Hg (but > 90 mm Hg) and the dia-
stolic pressure is less than 80 mm Hg (but
> 60 mm Hg), which represents a normal
mean pressure of less than 95 mm Hg.
Abnormally low and elevated arterial pres-
sures are discussed in Chapter 9.

What factors determine mean arterial pres-
sure? As blood is pumped into the resistance
network of the systemic circulation, pressure
is generated within the arterial vasculature.
The mean arterial pressure (MAP) is deter-
mined by the cardiac output (CO), systemic
vascular resistance (SVR), and central venous
pressure (CVP) as shown in Equation 5-2,
which is based on the relationship between
flow, pressure, and resistance as described in
the next section.

Eq. 5-2 MAP = (CO ¢ SVR) + CVP

Therefore, changes in cardiac output, sys-
temic vascular resistance or central venous
pressure affect mean arterial pressure. If car-
diac output and systemic vascular resistance
change reciprocally and proportionately, MAP
will not change. For example, if cardiac out-
put is reduced by one-half and systemic vas-
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cular resistance is doubled, mean arterial
pressure will remain unchanged.

Figure 5-6, which is based upon Equation
5-2, shows that as cardiac output is increased,
a linear increase occurs in arterial pressure
(assuming that resistance and venous pressure
remain constant). An increase in resistance
(increased slope of the line) results in a
greater arterial pressure for any given cardiac
output. Conversely, a decrease in resistance
results in a lower arterial pressure for any
given cardiac output.

Cardiac output, systemic vascular resistance,
and venous pressure are constantly changing,
and they are interdependent (i.e., changing one
variable can change each of the other variables).
For example, increasing systemic vascular resis-
tance increases the afterload on the heart,
which decreases cardiac output and central ve-
nous pressure, as described in more detail later
in this chapter. Furthermore, extrinsic control
mechanisms acting on the heart and circulation
can affect these variables. If, for example, car-
diac output suddenly falls by 20% (as can occur
when standing), mean arterial pressure will not
decrease by 20% because the body compen-
sates by increasing systemic vascular resistance
through baroreceptor mechanisms to maintain
constant pressure (see Chapter 6).

TSVR

ISVR

< .
'Ul Mean Arterial Pressure

Q

Cardiac Output

FIGURE 5-6 The relationship between cardiac output
(CO), systemic vascular resistance (SVR), mean arterial
pressure (MAP), and central venous pressure (CVP).
Increasing SVR increases MAP at any given cardiac out-
put, whereas decreasing SVR decreases MAP at a given
cardiac output. This figure is based on Equation 5-2, in
which MAP = (CO x SVR) + CVP.
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Hemodynamics (Pressure, Flow,
and Resistance)

The term hemodynamics describes the
physical factors governing blood flow within
the circulatory system. Blood flow through an
organ is determined by the pressure gradient
(AP) driving the flow divided by the resistance
(R) to flow (Equation 5-3). The pressure gra-
dient (or perfusion pressure) driving flow
through an organ is the arterial minus the ve-
nous pressure. For an individual blood vessel,
the pressure gradient is the pressure differ-
ence between two defined points along the
vessel. Equation 5-3 is a hydrodynamic form
of Ohm’s Law, where current (I) equals the
voltage difference (AV) divided by resistance
(R).

AP

Eq. 5-3 F =
q R

By rearranging Equation 5-3, we see that the
driving pressure across an organ or along the
length of a vessel is determined by the prod-
uct of the flow and resistance (Equation 5-4).

Eq. 5-4 AP =F-R

Equation 5-4 serves as the basis for Equation
5-2 in which cardiac output is substituted for
flow, systemic vascular resistance is substi-
tuted for resistance, and mean arterial pres-
sure minus central venous pressure is substi-
tuted for the pressure gradient. These
components are then rearranged to solve for
mean arterial pressure.

Blood flow through organs (as well as
through the entire systemic circulation) is de-
termined largely by changes in resistance be-
cause arterial and venous pressures are nor-
mally maintained within a narrow range by
various feedback mechanisms. Therefore, it is
important to understand what determines re-
sistance in individual vessels and within vascu-
lar networks.

Effects of Vessel Length, Radius, and Blood
Viscosity on Resistance to Blood Flow

Three factors determine the resistance (R) to
blood flow within a single vessel: vessel length
(L), blood viscosity (n) and diameter (or ra-

dius, r) of the vessel. These are described by
Equation 5-5 as follows:

Eq. 5-5 R o

Resistance is directly proportional to vessel
length. Therefore, a vessel that is twice as long
as another vessel with the same radius will
have twice the resistance to flow. In the body,
individual vessel lengths do not change appre-
ciably; therefore, changes in vessel length
have only a minimal effect on resistance.

Resistance to flow is directly related to the
viscosity of the blood. For example, if viscosity
increases two-fold, the resistance to flow in-
creases two-fold. At normal body tempera-
tures, the viscosity of plasma is about 1.8 times
the viscosity of water. The viscosity of whole
blood is about three to four times the viscosity
of water owing to the presence of red cells and
proteins. Blood viscosity normally does not
change much; however, it can be significantly
altered by changes in hematocrit and temper-
ature and by low flow states. Hematocrit is the
volume of red blood cells expressed as a per-
centage of a given volume of whole blood. If
hematocrit increases from a normal value of
40% to an elevated value of 60% (this is
termed polycythemia), the blood viscosity ap-
proximately doubles. Decreasing blood tem-
perature increases viscosity by about 2% per
degree Centigrade. The flow rate of blood also
affects viscosity. At very low flow states in the
microcirculation—as occurs during circula-
tory shock—the blood viscosity can increase
several-fold. This occurs because at low flow
states, cell-to-cell and protein-to-cell adhesive
interactions increase, which can cause eryth-
rocytes to adhere to one another and increase
the blood viscosity.

Vessel radius is the most important factor
determining resistance to flow. Because radius
and resistance are inversely related, an in-
crease in radius reduces resistance. Further-
more, a change in radius alters resistance in-
versely to the fourth power of the radius. For
example, a two-fold increase in radius de-
creases resistance sixteen-fold! Therefore,
vessel resistance is exquisitely sensitive to
changes in radius. Because changes in radius
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PROBLEM 5-1

An isolated, cannulated arteriole is perfused with an oxygenated physiologic salt solu-
tion at a constant flow, and the pressure gradient across the two ends of the arteriole
is initially 2 mm Hg. If the application of a drug constricts the vessel diameter by 50%,
what will be the new pressure gradient across the arteriole?

Under constant flow conditions, AP « AR (from Equation 5-4). Furthermore, R « 1/r*
(from Equation 5-5). Therefore, AP « 1/r%. Using this relationship, we find that decreas-
ing diameter (or radius, which is proportional to diameter) by 50% (to 1/2 its original
radius) increases AP by a factor of 16 (reciprocal of 1/2 to the fourth power). Therefore,
the new pressure gradient along the length of vessel will be 32 mm Hg (2 mm Hg x 16).

and diameter are directly proportional, diam-
eter can be substituted for radius in Equation
5-5.

If the expression for resistance (Equation
5-5) is combined with the equation describing
the relationship between flow, pressure, and
resistance (F=AP/R; Equation 5-3), the fol-
lowing relationship is obtained:

AP - r*

Fee= =]

Eq. 5-6

This relationship (Poiseuille’s equation)
was first described by the French physician
Poiseuille (1846). The full equation contains 7t
in the numerator, and the number 8 in the de-
nominator (a constant of integration).
Equation 5-6 describes how flow is related to
perfusion pressure, radius, length, and viscos-
ity. In the body, however, flow does not con-
form precisely to this relationship because the
equation assumes the following: (1) the ves-
sels are long, straight, rigid tubes; (2) the
blood behaves as a Newtonian fluid in which
viscosity is constant and independent of flow;
and (3) the blood is flowing under steady lam-
inar flow conditions. Despite these assump-
tions, which clearly are not achieved in vivo,
the relationship is important because it de-
scribes the dominant influence of vessel ra-
dius on resistance and flow, and therefore pro-
vides a conceptual framework to understand
how physiologic and pathologic changes in
blood vessels and blood viscosity affect pres-
sure and flow.

The relationship between flow and radius
(Equation 5-6) for a single vessel is shown

graphically in Figure 5-7. In this analysis,
laminar flow conditions are assumed, and dri-
ving pressure, viscosity, and vessel length are
held constant. As vessel radius decreases
from a relative value of 1.0, a dramatic fall in
flow occurs because flow is directly related to
radius to the fourth power. For example,
when radius is one-half normal (0.5 relative
radius), flow is decreased sixteen-fold.
Therefore, the new flow is only about 6%
of the original flow. This figure dramatically
illustrates how very small changes in vessel
radius can have profound effects on flow
(and on perfusion pressure if this were the
dependent variable and flow were held con-
stant).

Series and Parallel Arrangement

of the Vasculature

It is crucial that Poiseuille’s equation should
be applied only to single vessels. If, for exam-
ple, a single arteriole within the kidney were
constricted by 50%, although the resistance of
that single vessel would increase sixteen-fold,
the vascular resistance for the entire renal cir-
culation would not increase sixteen-fold. The
change in overall renal resistance would be
immeasurable. This is because the single arte-
riole is one of many resistance vessels within a
complex network of vessels, and therefore it
constitutes only a small fraction of the resis-
tance for the whole organ. To help understand
this complex arrangement of vessel architec-
ture, it is necessary to examine the vascular
components in terms of series and parallel el-
ements.
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FIGURE 5-7 The effects of changes of vessel radius on flow through a single vessel. This quantitative relationship is
derived from Poiseuille’s equation (Equation 5-6). Decreasing vessel radius (r) dramatically increases resistance and de-
creases flow (F) at constant perfusion pressure because flow is proportional to radius to the fourth power.

The parallel arrangement of organs and
their circulations (see Fig. 1-2) is important
because parallel vessels decrease total vascu-
lar resistance. When there is a parallel
arrangement of resistances, the reciprocal of
the total resistance is equal to the sum of the
reciprocals of the individual resistances. For
example, the total resistance (Ry) of three par-
allel resistances (R, R,, R;) would be:

or; solving for Ry,

1
Eq. 5-7 RT = ﬁ
—_—t — 4+ —
R, R, Rs

Two important principles emerge from
Equation 5-7. First, the total resistance of a
network of parallel resistances is less than the
resistance of the single lowest resistance;
therefore, parallel vessels greatly reduce resis-
tance. For example, assume that R, =5, R, =
10, and R; = 20. When the equation is solved,
R, = 2.86, a value that is less than the lowest
individual resistance. The resistance calcula-
tion for parallel networks explains why capil-
laries constitute a relatively small fraction of
the total vascular resistance of an organ or mi-
crovascular network. Although capillaries
have the highest resistance of individual ves-

sels because of their small diameter, they also
form a large network of parallel vessels. This
reduces their resistance as a group of vessels.
The second principle is that when many par-
allel vessels exist, changing the resistance of a
small number of these vessels will have little
effect on total resistance.

Within an organ, the vascular arrangement
is a combination of series and parallel ele-
ments. In Figure 5-8, the artery, arterioles,
capillaries, venules, and vein are in series with
each other. All of the blood that flows through
the artery likewise flows through each of the
other vascular segments. Within each of the
series segments, many parallel components
may exist (e.g., several parallel capillaries may
arise from a single arteriole). Each vascular
segment will have a resistance value that is de-
termined by vessel length, radius, and number
of parallel vessels.

For an in-series resistance network, the to-
tal resistance (Ry) equals the sum of the indi-
vidual segmental resistances. The total resis-
tance for the model depicted in Figure 5-8 is:

Rr = R + R, + R + R, + Ry

(A = artery; a = arterioles;
¢ = capillary; v = venules; V = vein)

Eq. 5-8

The resistance of each segment relative to
the total resistance of all the segments deter-
mines how changing the resistance of one seg-
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FIGURE 5-8 Model of the circulation within an organ showing the series arrangement of multiple segments of par-

allel vessels.

ment affects total resistance. To illustrate this
principle, assign a relative resistance value to
each of the five resistance segments in this
model. The relative resistances are similar to
what is observed in a typical vascular bed.

Assume R, =1, R, =70, R. = 20,
R,=8,R,=1;

Therefore, R;=1+70+20 +8 + 1
=100

If R, were to increase four-fold (to a value of
4), Ry would increase to 104, a 4% increase.
In contrast, if R, were to increase four-fold
(to a value of 280), the R would increase to
310, a 210% increase. In this model, R, rep-
resents a large artery distributing blood flow
to an organ, and R, represents the small ar-
teries and arterioles, which are the primary

site of vascular resistance. Therefore, this
empirical example demonstrates that
changes in large artery resistance have little
effect on total resistance, whereas changes in
small artery and arteriolar resistances
greatly affect total resistance. This is why
small arteries and arterioles are the principal
vessels regulating organ blood flow and sys-
temic vascular resistance.

The above analysis explains why the radius
of a large, distributing artery must be de-
creased by more than 60% or 70% to have a
significant effect on organ blood flow. This is
referred to as a “critical” stenosis (see Critical
Stenosis on CD). The concept of a critical
stenosis can be confusing because Poiseuille’s
equation indicates that resistance to flow is in-
versely related to radius to the fourth power.

PROBLEM 5-2

A parent arteriole branches into two smaller arterioles. In relative terms, the resistance
of the parent arteriole is 1, and the resistance of each daughter vessel is 4. What is the
combined resistance of the parent vessel and its branches?

In this problem, the two smaller daughter arterioles (Rp) are parallel with each other
and in series with the parent arteriole (R;). Therefore, the total resistance (R;) can be
found by the following equation:

o
11
_ + _—
Ro  Ro

Rr =Rp +

Substituting the relative resistances given in this problem, we obtain:

1
Rr=1+ =3

1 1
_+_
4 4
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Therefore, a 50% reduction in radius should
increase resistance sixteen-fold (a 1,500% in-
crease). Indeed, within that single vessel seg-
ment, resistance will increase sixteen-fold;
however, total resistance will increase only by
about 15% if the large artery resistance is nor-
mally 1% of the total resistance.

REGULATION OF SYSTEMIC
VASCULAR RESISTANCE

Systemic vascular resistance, which is
sometimes called total peripheral resistance
(TPR), is the resistance to blood flow offered
by all of the systemic vasculature, excluding
the pulmonary vasculature. Mechanisms that
cause generalized vasoconstriction will in-
crease systemic vascular resistance, and
mechanisms that cause vasodilation will de-
crease systemic vascular resistance. The in-
crease in systemic vascular resistance in re-
sponse to sympathetic stimulation, for
example, depends on the degree of sympa-
thetic activation, the responsiveness of the
vasculature, the number of vascular beds in-
volved, and the relative series and parallel
arrangement of these vascular beds to each
other. Systemic vascular resistance primarily is

determined by changes in vascular diameters,
although changes in blood viscosity also affect
systemic vascular resistance.

Calculation of Systemic Vascular
Resistance

Systemic vascular resistance (SVR) can be cal-
culated if cardiac output (CO), mean arterial
pressure (MAP), and central venous pressure
(CVP) are known. This calculation is done by
rearranging Equation 5-2 as follows:

_ (MAP — CVP)

Eq. 5-0 SVR
q co

Although systemic vascular resistance can
be calculated from mean arterial pressure and
cardiac output, its value is not determined by
either of these variables (although its value
changes depending upon the pressure — see
below). Systemic vascular resistance is deter-
mined by vascular diameters, length, anatom-
ical arrangement of vessels, and blood viscos-
ity. Because vessels are compliant, increasing
intravascular pressure expands the vessels,
thereby causing a small reduction in resis-
tance. Nonetheless, the decrease in systemic
vascular resistance that occurs when pressure

as a percentage increase.

1,500% (16-fold increase).

A patient was found to have S-T segment depression in his electrocardiogram during
an exercise stress test, suggesting the presence of coronary artery disease. A follow-up
coronary angiogram revealed that the diameter of the left main coronary artery (see
Chapter 7, Figure 7-6) was reduced by 50%. If this vessel normally contributes to 1% of
the total coronary vascular resistance under resting flow conditions, how much will this
reduction in diameter increase total coronary vascular resistance? Express your answer

The total coronary resistance (R;) equals the sum of the series resistance elements.
Therefore, the left main coronary artery resistance (R,) would be in series with the re-
mainder of the resistance elements (Ry), so that R; = R, + Rx. Normally, R, = 0.01(R-)
and Ry = 0.99(R,) because R, is 1% of R;, and therefore R; = 0.01(R;) + 0.99(R;) = 1(R,).
Decreasing the vessel diameter by 50% increases R, by a factor of 16 because R «1/r4.
Therefore, the resistance of the stenotic vessel will be 16 times its normal resistance, so
that R, = 16(0.01)R;, or R, = 0.16(R;). We can now say that Ry = 0.16(R;) + 0.99(R,).
Therefore, Ry = 1.15(R;), which means that total coronary resistance increases by only
15% [(1.15/1) x 100] when the resistance of the left main coronary artery increases




increases is not owing to the pressure directly
but rather is caused by passive increases in
vessel diameter. Mathematically, systemic vas-
cular resistance is the dependent (calculated)
variable in Equation 5-9; however, physiologi-
cally, systemic vascular resistance and cardiac
output are the independent variables nor-
mally, and mean arterial pressure is the de-
pendent variable; that is, mean arterial pres-
sure changes in response to changes in cardiac
output and systemic vascular resistance.
When calculating systemic vascular resis-
tance, it is customary to use the units of mm
Hg/mL e min~" (peripheral resistance units,
PRU) or the units of dynes ® sec/cm” (in which
pressure is expressed in dynes/cm?® instead of
mm Hg; 1 mm Hg = 1,330 dynes/cm?) and flow
is expressed in cm¥/sec). When calculating resis-
tance in PRU, pressure has the units of mm Hg
and cardiac output is expressed in mL/min.

Vascular Tone

Under normal physiologic conditions, changes
in the diameter of precapillary resistance ves-
sels (small arteries and arterioles) represent
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the most important mechanism for regulating
systemic vascular resistance. Resistance ves-
sels are normally in a partially constricted
state that is referred to as the vascular tone
of the vessel. This tone is generated by
smooth muscle contraction within the wall of
the blood vessel. From this partially con-
stricted state, a vessel can constrict further
and thereby increase resistance, or it can di-
late by smooth muscle relaxation and thereby
decrease resistance. Venous vessels likewise
possess a level of vascular tone.

Extrinsic and intrinsic mechanisms deter-
mine the degree of smooth muscle activation
(Fig. 5-9). Extrinsic mechanisms, such as sym-
pathetic nerves and circulating hormones,
originate outside of the organ or tissue.
Intrinsic mechanisms originate from within
the blood vessel or the tissue surrounding the
vessel. Examples of intrinsic mechanisms in-
clude endothelial-derived factors, smooth
muscle myogenic tone, locally produced hor-
mones, and tissue metabolites. Some of these
extrinsic and intrinsic factors promote vaso-
constriction (e.g., sympathetic nerves and an-
giotensin II, endothelin-1), whereas others

PROBLEM 5-3

sure is 0 mm Hg and does not change.
From Equation 5-9, we know that

SVR

SVR =

multiplied by their percentage change.

Infusion of a drug is found to increase cardiac output by 30% and decrease mean arte-
rial pressure by 10%. By what percentage does this drug change systemic vascular resis-
tance? Is this drug a vasodilator or vasoconstrictor? Assume that central venous pres-

_ (MAP — CVP)

Because central venous pressure (CVP) is zero, this equation simplifies to:
SVR = ——

In this problem, CO is increased by 30% and MAP is decreased by 10%:

0.9 MAP
1.3 CO

Therefore, SVR is decreased by 31% (0.69 SVR is the equivalent of a 31% decrease),
and the drug is a vasodilator. Note: In solving this problem, MAP and CO cannot be

co

MAP
co

= 0.69
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FIGURE 5-9 Vascular tone. The state of vessel tone is
determined by the balance between constrictor and
dilator influences.

promote smooth muscle relaxation and vascu-
lar dilation (e.g., endothelial-derived nitric ox-
ide and tissue metabolites such as adenosine
and hydrogen ion). Therefore, at any given
time, vasoconstrictor and vasodilator influ-
ences are competing to determine the vascu-
lar tone. The extrinsic and intrinsic mecha-
nisms regulating vascular tone are described
in more detail in Chapters 2, 6, and 7.

In general, the vasoconstrictor mechanisms
are important for maintaining systemic vascu-
lar resistance and arterial pressure, whereas
vasodilator mechanisms regulate blood flow
within organs. For example, if the body needs
to maintain arterial blood pressure when a
person stands up, vasoconstrictor mechanisms
(primarily sympathetic adrenergic) are acti-
vated to constrict resistance vessels and in-
crease systemic vascular resistance. If an or-
gan requires more blood flow and oxygen
delivery (e.g., exercising muscle), vasodilator
mechanisms will predominate and override
vasoconstrictor influences. Therefore, the
competition between vasoconstrictor and va-
sodilator influences can be thought of as com-
petition between maintenance of arterial
blood pressure and organ perfusion.

VENOUS BLOOD PRESSURE

Venous pressure is a general term that repre-
sents the average blood pressure within the
venous compartment. A more speciﬁc term,
central venous pressure, describes the
blood pressure in the thoracic vena cava near
the right atrium. This pressure is important
because it determines the filling pressure of
the right ventricle, and thereby determines
ventricular stroke volume through the Frank-
Starling mechanism as discussed in Chapter 4.

Venous Blood Volume
and Compliance

Several factors influence central venous pres-
sure: cardiac output, respiratory activity, con-
traction of skeletal muscles (particularly leg
and abdominal muscles), sympathetic vaso-
constrictor tone, and gravitational forces. All
of these factors ultimately change central ve-
nous pressure (APy) by changing either ve-
nous blood volume (AVy) or venous compli-
ance (Cy) as described by Equation 5-10.

AV,

AP, o<
v C,

Eq. 5-10

Equation 5-10 is a rearrangement of the
equation used to define compliance, in which
compliance (in this case venous compliance)
equals a change in venous volume divided by
the change in venous pressure that occurs
with the change in volume (see Compliance
in Chapter 4 on the CD). Therefore, an in-
crease in venous volume increases venous
pressure by an amount determined by the
compliance of the veins. Furthermore, a de-
crease in venous compliance, as occurs dur-
ing sympathetic activation of veins, increases
venous pressure.

The relationship described by Equation
5-10 can be depicted graphically as shown in
Figure 5-10, in which venous blood volume is
plotted against venous blood pressure. The
different curves represent different states of
venous tone, and the slope of a tangent line at
any point on the curve represents the compli-
ance. Looking at a single curve, it is evident
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FIGURE 5-10 Compliance curves for a vein. Venous
compliance (the slope of line tangent to a point on the
curve) is very high at low pressures because veins col-
lapse. As pressure increases, the vein assumes a more
circular cross-section and its walls become stretched;
this reduces compliance (decreases slope). Point A is the
control pressure and volume. Point B is the pressure and
volume resulting from increased tone (decreased com-
pliance) brought about, for example, by sympathetic
stimulation of the vein.

that an increase in venous volume will in-
crease venous pressure. The amount by which
the pressure increases for a given change in
volume depends on the slope of the relation-
ship between the volume and pressure (i.e.,
the compliance). As with arterial vessels (see
Fig. 5-4), the relationship between venous
volume and pressure is not linear (see Fig.
5-10). The slope of the compliance curve
(AV/AP) is greater at low pressures and vol-
umes than at higher pressures and volumes.
The reason for this is that at very low pres-
sures, a large vein collapses. As the pressure
increases, the collapsed vein assumes a more
cylindrical shape with a circular cross-section.
Until a cylindrical shape is attained, the walls
of the vein are not stretched appreciably.
Therefore, small changes in pressure can re-
sult in a large change in volume by changes in
vessel geometry rather than by stretching the
vessel wall. At higher pressures, when the vein
is cylindrical in shape, increased pressure can
increase the volume only by stretching the
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vessel wall, which is resisted by the structure
and composition of the wall (particularly by
collagen, smooth muscle, and elastin compo-
nents). Therefore, at higher volumes and
pressures, the change in volume for a given
change in pressure (i.e., compliance) is less.

The smooth muscle within veins is ordinar-
ily under some degree of tonic contraction.
Like arteries and arterioles, a major factor de-
termining venous smooth muscle contraction
is sympathetic adrenergic stimulation, which
occurs under basal conditions. Changes in
sympathetic activity can increase or decrease
the contraction of venous smooth muscle,
thereby altering venous tone. When this oc-
curs, a change in the volume-pressure rela-
tionship (or compliance curve) occurs, as de-
picted in Figure 5-10. For example, increased
sympathetic activation will shift the compli-
ance curve down and to the right, decreasing
its slope (compliance) at any given volume
(from point A to B in Fig. 5-10). This right-
ward diagonal shift in the venous compliance
curve results in a decrease in venous volume
and an increase in venous pressure. Drugs
that reduce venous tone (e.g., nitrodilators)
will decrease venous pressure while increas-
ing venous volume by shifting the compliance
curve to the left.

The previous discussion emphasized that
venous pressure can be altered by changes in
venous blood volume or in venous compli-
ance. These changes can be brought about by
the factors or conditions summarized in Table
5-2. Central venous pressure is increased by:

1. A decrease in cardiac output. This can re-
sult from decreased heart rate (e.g., brady-
cardia associated with atrioventricular [AV]
nodal block) or stroke volume (e.g., in ven-
tricular failure), which results in blood
backing up into the venous circulation (in-
creased venous volume) as less blood is
pumped into the arterial circulation. The
resultant increase in thoracic blood volume
increases central venous pressure.

2. An increase in total blood volume. This oc-
curs in renal failure or with activation of
the renin-angiotensin-aldosterone system
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TABLE 5-2 FACTORS INCREASING CENTRAL VENOUS PRESSURE (CVP),
EITHER BY DECREASING VENOUS COMPLIANCE OR BY
INCREASING VENOUS BLOOD VOLUME

CVP INCREASED BY CHANGE IN:

Decreased cardiac output
Increased blood volume
Venous constriction

Changing from standing to supine body posture

Arterial dilation
Forced expiration (e.g., Valsalva)

Muscle contraction (abdominal and limb)

(see Chapter 6) and leads to an increase in
venous pressure.

3. Venous constriction (reduced venous com-
pliance). Whether elicited by sympathetic
activation or by circulating vasoconstrictor
substances (e.g., catecholamines, an-
giotensin II), venous constriction reduces
venous compliance, thereby increasing
central venous pressure.

4. A shift in blood volume into the thoracic
venous compartment. This shift occurs
when a person changes from standing to a
supine or sitting position and results from
the effects of gravity.

5. Arterial dilation. This occurs during with-
drawal of sympathetic tone or when arterial
vasodilator drugs increase blood flow from
the arterial into the venous compartments,
thereby increasing venous volume and cen-
tral venous pressure.

6. A forceful expiration, particularly against a
high resistance (as occurs with a Valsalva
maneuver). This expiration causes external
compression of the thoracic vena cava as
intrapleural pressure rises.

7. Muscle contraction. Rhythmic muscular
contraction, particularly of the limbs and
abdomen, compresses the veins (which de-
creases their functional compliance) and
forces blood into the thoracic compart-
ment.

Volume
Volume
Compliance
Volume
Volume
Compliance

Volume & Compliance

Mechanical Factors Affecting
Central Venous Pressure and
Venous Return

Several of the factors affecting central venous
pressure can be classified as mechanical (or
physical) factors. These include gravitational
effects, respiratory activity, and skeletal mus-
cle contraction. Gravity passively alters central
venous pressure and volume, and respiratory
activity and muscle contraction actively pro-
mote or impede the return of blood into the
central venous compartment, thereby altering
central venous pressure and volume.

Gravity

Gravity exerts significant effects on venous re-
turn. When a person changes from supine to a
standing posture, gravity acts on the vascular
volume, causing blood to accumulate in the
lower extremities. Because venous compli-
ance is much higher than arterial compliance,
most of the blood volume accumulates in
veins, leading to venous distension and an el-
evation in venous pressure in the dependent
limbs. The shift in blood volume causes cen-
tral venous volume and pressure to fall. This
reduces right ventricular filling pressure (pre-
load) and stroke volume by the Frank-Starling
mechanism. Left ventricular stroke volume
subsequently falls because of reduced pul-



monary venous return to the left ventricle; the
reduced stroke volume causes cardiac output
and arterial blood pressure to decrease. If sys-
temic arterial pressure falls by more than 20
mm Hg upon standing, this is termed ortho-
static or postural hypotension. When this
occurs, cerebral perfusion may fall and a per-
son may become “light headed” and experi-
ence a transient loss of consciousness (syn-
cope). Normally, baroreceptor reflexes (see
Chapter 6) are activated to restore arterial
pressure by causing peripheral vasoconstric-
tion and cardiac stimulation (increased heart
rate and inotropy).

The effects of changes in posture on hydro-
static pressures are illustrated Figure 5-11. In
this model, mean aortic pressure (MAP) and
central venous pressure (CVP) are shown as
reservoirs. The vertical height between these
two reservoirs represents the systemic perfu-
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sion pressure. Cardiac output constantly refills
the aortic reservoir as it empties into the sys-
temic circulation. In a horizontal configuration
(Figure 11, Diagram A), mean capillary hydro-
static pressure (Pc) is some value between
MAP and CVP, typically about 25 mm Hg. If
the horizontal tube (i.e., the vasculature) is ori-
entated vertically (Diagram B), P increases
because of hydrostatic forces. If the vasculature
is rigid (Diagram B), there is no volume shift
between the arterial and venous reservoirs, and
MAP and CVP remain unchanged (as does car-
diac output). However, if the vasculature is
highly compliant (as it actually is), the in-
creased hydrostatic forces increase trans-
mural pressure (intravascular minus extravas-
cular pressure; ie., the distending pressure)
across the vessel walls and expand the vessels,
particularly the highly compliant veins
(Diagram C). The blood for this venous expan-

3\
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FIGURE 5-11 Effects of gravity on central venous pressure (CVP), cardiac output (CO), and mean arterial pressure
(MAP). Diagram A, supine position. Diagram B: an upright position with rigid vessel results in elevated capillary pres-
sure (Po) owing to hydrostatic forces, but no change in CVP, CO, MAP, or systemic perfusion pressure (AP). Diagram
C: upright position with compliant vessels; elevated P. from hydrostatic pressure owing to gravity distends blood ves-
sels (particularly veins) and increases vascular volume (especially in lower limbs), leading to a fall in CVP, MAP, AP, and

CO.
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sion comes from the venous and arterial reser-
voirs, thereby decreasing CVP and MAP. The
decrease in CVP decreases cardiac preload and
decrease cardiac output by the Frank-Starling
mechanism. The decreased cardiac output re-
sults in a fall in MAP (decreased reservoir
height). The net effect is reductions in both
MAP and CVP, although quantitatively, the fall
in MAP is 10 to 20 times greater than the fall in
CVP for reasons explained later in this chapter.

Upright posture not only shifts venous
blood volume from the thoracic compartment
to the dependent limbs, but it also results in a
large elevation in capillary pressure in the de-
pendent limbs. When a person is lying down,
there is no appreciable hydrostatic pressure
difference between the level of the heart and
feet. The mean aortic pressure may be 95 mm
Hg, the mean capillary pressure in the feet
may be about 20 mm Hg, and the central ve-
nous pressure near the right atrium may be
near 0 mm Hg. When the person stands up-
right, if no baroreceptor or myogenic reflexes
operate, the mean aortic and central venous
pressures will fall quite significantly. A hydro-
static column equal to the vertical distance
from the heart to the feet will increase capil-
lary pressure in the feet. If the distance from
the heart to the feet is 120 cm, the hydrostatic
pressure exerted on the capillaries in the feet
will be 120 emH,0, which is the equivalent of
88 mm Hg (mercury is 13.6 times denser than
water). Theoretically, this hydrostatic pressure
added to the normal capillary pressure will in-
crease the capillary pressure in the feet to 108
mm Hg! Without the activation of important
compensatory mechanisms, this would rapidly
lead to significant edema in the feet and de-
pendent limbs (see Chapter 8) and loss of in-
travascular blood volume.

The changes depicted in Figure 5-11,
Diagram C, are rapidly compensated in a nor-
mal individual by myogenic vasoconstrictor
mechanisms, sympathetic-mediated vasocon-
striction, venous valve functioning, muscle
pump activity, and the abdominothoracic
pump. When these mechanisms are operat-
ing, capillary and venous pressures in the feet
will be elevated by only 10-20 mm Hg, mean
aortic pressure will be maintained, and central

venous pressure will be only slightly reduced.
Because of these compensatory mechanisms,
a person who is standing has a higher systemic
vascular resistance (primarily owing to sympa-
thetic activation of resistance vessels), de-
creased venous compliance (owing to sympa-
thetic activation of veins), decreased stroke
volume and cardiac output (owing to de-
creased ventricular preload), and increased
heart rate (baroreceptor-mediated tachycar-
dia). The net effect of these changes is main-
tenance of normal mean aortic pressure.

Respiratory Activity (Abdominothoracic

or Respiratory Pump)

Venous return to the right atrium from the ab-
dominal vena cava is determined by the pres-
sure difference between the abdominal vena
cava and the right atrial pressure, as well as by
the resistance to flow, which is primarily de-
termined by the diameter of the thoracic vena
cava. Therefore, increasing right atrial pres-
sure impedes venous return, whereas lower-
ing right atrial pressure facilitates venous re-
turn. These changes in venous return
significantly influence stroke volume through
the Frank-Starling mechanism.

Pressures in the right atrium and thoracic
vena cava depend on intrapleural pressure.
This pressure is measured in the space be-
tween the thoracic wall and the lungs and is
generally negative (subatmospheric). During
inspiration, the chest wall expands and the di-
aphragm descends (red arrows on chest wall
and diaphragm in Figure 5-12). This causes
the intrapleural pressure (P,) to become more
negative, causing expansion of the lungs, atrial
and ventricular chambers, and vena cava
(smaller red arrows). This expansion decreases
the pressures within the vessels and cardiac
chambers. As right atrial pressure falls during
inspiration, the pressure gradient for venous
return to the heart is increased. During expira-
tion the opposite occurs, although the net ef-
fect of respiration is that the increased rate and
depth of ventilation facilitates venous return
and ventricular stroke volume.

Although it may appear paradoxical, the fall
in right atrial pressure during inspiration is as-
sociated with an increase in right atrial and
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Inspiration
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FIGURE 5-12 Effects of respiration on venous return. Left panel: During inspiration, intrapleural pressure (P,) de-
creases as the chest wall expands and the diaphragm descends (large red arrows). This increases the transmural pres-
sure across the superior and inferior vena cava (SVC and /VC), right atrium (RA), and right ventricle (RV), which causes
them to expand. This facilitates venous return and leads to an increase in atrial and ventricular preloads. Right panel:
During inspiration, P, and right atrial pressure (Pz,) become more negative, which increases venous return. During
expiration, P, and P, become less negative and venous return falls. Numeric values for P, and Py, are expressed as

mm Hg.

ventricular preloads and right ventricular
stroke volume. This occurs because the fall in
intrapleural pressure causes the transmural
pressure to increase across the chamber walls,
thereby increasing the chamber volume,
which increases sarcomere length and myo-
cyte preload. For example, if intrapleural
pressure is normally -4 mm Hg at end-expira-
tion and right atrial pressure is 0 mm Hg, the
transmural pressure (the pressure that dis-
tends the atrial chamber) is 4 mm Hg. During
inspiration, if intrapleural pressure decreases
to -8 mm Hg and atrial pressure decreases to
-2 mm Hg, the transmural pressure across the
atrial chamber increases from 4 mm Hg to 6
mm Hg, thereby expanding the chamber. At
the same time, because blood pressure within
the atrium is diminished, this leads to an in-
crease in venous return to the right atrium
from the abdominal vena cava. Similar in-
creases in right ventricular transmural pres-
sure and preload occur during inspiration.
The increase in sarcomere length during in-
spiration augments right ventricular stroke
volume by the Frank-Starling mechanism. In
addition, changes in intrapleural pressure dur-
ing inspiration influence the left atrium and
ventricle; however, the expanding lungs and
pulm()nary vasculature act as a capacitance
reservoir (pulmonary blood volume increases)
so that the left ventricular filling is not en-
hanced during inspiration. During expiration,

however, blood is forced from the pulmonary
vasculature into the left atrium and ventricle,
thereby increasing left ventricular filling and
stroke volume. Expiration, in contrast, de-
creases right atrial and ventricular filling. The
net effect of respiration is that increasing the
rate and depth of respiration increases venous
return and cardiac output.

If a person exhales forcefully against a
closed glottis (Valsalva maneuver), the large
increase in intrapleural pressure impedes ve-
nous return to the right atrium (see Valsalva
Maneuver on CD). This occurs because the
large increase in intrapleural pressure can col-
lapse the thoracic vena cava, which dramati-
cally increases resistance to venous return.
Because of the accompanying decrease in
transmural pressure across the ventricular
chamber walls, ventricular volume decreases
despite the large increase in the pressure
within the chamber. Decreased chamber vol-
ume (i.e., decreased preload) leads to a fall in
ventricular stroke volume by the Frank-
Starling mechanism. Similar changes can oc-
cur when a person strains while having a
bowel movement, or when a person lifts a

heavy weight while holding their breath.

Skeletal Muscle Pump

Veins, particularly in extremities, contain one-
way valves that permit blood flow toward the
heart and prevent retrograde flow. Deep veins
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FIGURE 5-13 Rhythmic contraction of skeletal muscle
compresses veins, particularly in the lower limbs, and
propels blood toward the heart through a system of
one-way valves.

in the lower limbs are surrounded by large
groups of muscle that compress the veins
when the muscles contract. This compression
increases the pressure within the veins, which
closes upstream valves and opens downstream
valves, thereby functioning as a pumping
mechanism (Fig. 5-13). This pumping mecha-
nism plays a significant role in facilitating ve-
nous return during exercise. The muscle
pump also helps to counteract gravitational
forces when a person stands up by facilitating
venous return and lowering venous and capil-
lary pressures in the feet and lower limbs.
When the venous valves become incompe-
tent, as occurs when veins become enlarged
(varicose veins), muscle pumping becomes in-
effective. Besides the loss of muscle pumping
in aiding venous return, blood volume and
pressure increase in the veins of the depen-
dent limbs, which increases capillary pressure
and may cause edema (see Chapter 8).

VENOUS RETURN AND CARDIAC
OUTPUT

The Balance between Venous
Return and Cardiac Output

Venous return is the flow of blood back to the
heart. Previous sections described how the ve-
nous return to the right atrium from the ab-
dominal vena cava is determined by the pres-
sure gradient between the abdominal vena

cava and the right atrium, divided by the re-
sistance of the vena cava. However, that analy-
sis looks at only a short segment of the venous
system and does not show what factors deter-
mine venous return from the capillaries.
Venous return is determined by the difference
between the mean capillary and right atrial
pressures divided by the resistance of all the
post-capillary vessels. If we consider venous
return as being all the systemic flow returning
to the heart, venous return is determined by
the difference between the mean aortic and
right atrial pressures divided by the systemic
vascular resistance. Under steady-state condi-
tions, this venous return equals cardiac output
when averaged over time because the cardio-
vascular system is essentially a closed system.
(The cardiovascular system, strictly speaking,
is not a closed system because fluid is lost
through the kidneys and by evaporation
through the skin, and fluid enters the circula-
tion through the gastrointestinal tract.
Nevertheless, a balance is maintained be-
tween fluid entering and leaving the circula-
tion during steady-state conditions. There-
fore, think of cardiac output and venous
return as being equal.)

Systemic Vascular Function Curves

Blood flow through the entire systemic circu-
lation, whether viewed as the flow leaving the
heart (cardiac output) or returning to the
heart (venous return), depends on both car-
diac and systemic vascular function. As de-
scribed in more detail below, cardiac output
under normal physiologic conditions depends
on systemic vascular function. Cardiac output
is limited to a large extent by the prevailing
state of systemic vascular function. Therefore,
it is important to understand how changes in
systemic vascular function affect cardiac out-
put and venous return (or total systemic blood
flow because cardiac output and venous re-
turn are equal under steady-state conditions).

The best way to show how systemic vascu-
lar function affects systemic blood flow is by
use of systemic vascular and cardiac function
curves. Credit for the conceptual understand-
ing of the relationship between cardiac output



and systemic vascular function goes to Arthur
Guyton and colleagues, who conducted exten-
sive experiments in the 1950s and 1960s. To
develop the concept of systemic vascular func-
tion curves, we must understand the relation-
ship between cardiac output, mean aortic, and
right atrial pressures. Figure 5-14 shows that
at a cardiac output of 5 L/min, the right atrial
pressure is near zero and mean aortic pressure
is about 95 mm Hg. If cardiac output is re-
duced experimentally, right atrial pressure in-
creases and mean aortic pressure decreases.
The fall in aortic pressure reflects the rela-
tionship between mean aortic pressure, car-
diac output, and systemic vascular resistance
(see Equation 5-2). As cardiac output is re-
duced to zero, right atrial pressure continues
to rise and mean aortic pressure continues to
fall, until both pressures are equivalent, which
occurs when systemic blood flow ceases. The
pressure at zero systemic flow, which is called
the mean circulatory filling pressure, is
about 7 mm Hg. This value is found experi-
mentally when baroreceptor reflexes are
blocked; otherwise the value for mean circula-
tory filling pressure is higher because of vas-
cular smooth muscle contraction and de-
creased vascular compliance owing to
sympathetic activation.
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FIGURE 5-14 Effects of cardiac output on mean aortic
and right atrial pressures. Decreasing cardiac output to
zero results in a rise in right atrial pressure and a fall in
aortic pressure. Both pressures equilibrate at the mean
circulatory filling pressure (Pmc).
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The reason right atrial pressure increases
in response to a decrease in cardiac output is
that less blood per unit time is translocated by
the heart from the venous to the arterial vas-
cular compartment. This leads to a reduction
in arterial blood volume and an increase in ve-
nous blood volume, which increases right
atrial pressure. When the heart is completely
stopped and there is no flow in the systemic
circulation, the intravascular pressure found
throughout the entire vasculature is a function
of total blood volume and vascular compli-
ance.

The magnitude of the relative changes in
aortic and right atrial pressures from a normal
cardiac output to zero cardiac output is deter-
mined by the ratio of venous to arterial com-
pliances. If venous compliance (Cy) equals the
change in venous volume (AV,) divided by the
change in venous pressure (APy,, and arterial
compliance (C,) equals the change in arterial
volume (AV,) divided by the change in arte-
rial pressure (AP,), the ratio of venous to ar-
terial compliance (C,/C,) can be expressed by
the following equation:

Eq. 5-11 G _ AVJ/APy

Ca  AV,/AP,

When the heart is stopped, the decrease in
arterial blood volume (AV,) equals the in-
crease in venous blood volume (AVy).
Because AV, equals AV,, Equation 5-11 can
be simplified to the following relationship:

Eq. 5-12 G AP
C. AP,

Equation 5-12 shows that the ratio of ve-
nous to arterial compliance is proportional to
the ratio of the changes in arterial to venous
pressures when the heart is stopped. This ra-
tio is usually in the range of 10-20. If, for ex-
ample, the ratio of venous to arterial compli-
ance is 15, there is a 1 mm Hg increase in
right atrial pressure for every 15 mm Hg de-
crease in mean aortic pressure.

If the right atrial pressure curve from
Figure 5-14 is plotted as cardiac output versus
right atrial pressure (i.e., reversing the axis),
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the relationship shown in Figure 5-15 (black
curve in both panels) is observed. This curve
is called the systemic vascular function
curve. This relationship can be thought of as
either the effects of cardiac output on right
atrial pressure (cardiac output being the inde-
pendent variable) or the effect of right atrial
pressure on venous return (right atrial pres-
sure being the independent variable). When
viewed from the latter perspective, systemic
vascular function curves are sometimes called
venous return curves.

The value of the x-intercept in Figure 5-15
is the mean circulatory filling pressure, or the
pressure throughout the vascular system when
there is no blood flow. This value depends on
the vascular compliance and blood volume
(Fig. 5-15, Panel A). Increased blood volume
or decreased venous compliance causes a par-
allel shift of the vascular function curve to the
right, which increases mean circulatory filling
pressure. Decreased blood volume or in-
creased venous compliance causes a parallel
shift to the left and a decrease in the mean cir-
culatory filling pressure.

Decreased systemic vascular resistance in-
creases the slope without appreciably chang-
ing mean circulatory filling pressure (Fig.
5-15, Panel B). Increased systemic vascular
resistance decreases the slope while keeping
the same mean circulatory filling pressure.

Therefore, at a given cardiac output, a de-
crease in systemic vascular resistance in-
creases right atrial pressure, whereas an in-
crease in  systemic vascular resistance
decreases right atrial pressure. These changes
can be difficult to conceptualize, but the fol-
lowing explanation might help to clarify.
When the small resistance vessels dilate, sys-
temic vascular resistance decreases. If the car-
diac output remains constant, arterial pres-
sure and arterial blood volume must decrease.
Arterial blood volume shifts over to the ve-
nous side of the circulation, and the increase
in venous volume increases the right atrial
pressure. Changes in systemic vascular resis-
tance have little effect on mean circulatory
filling pressure because the rather small
changes in arterial diameter required to pro-
duce large changes in resistance have little af-
fect on overall vascular compliance, which is
overwhelmingly determined by venous com-
pliance.

Cardiac Function Curves

According to the Frank-Starling relationship,
an increase in right atrial pressure increases
cardiac output. This relationship can be de-
picted using the same axis as used in systemic
function curves in which cardiac output (de-
pendent variable) is plotted against right atrial
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FIGURE 5-15 Systemic function curves. Panel A shows the effects of changes in cardiac output on right atrial pres-
sure (Pp,) and mean circulatory filling pressures (Pmc) at different blood volumes (Vol) and venous compliances (Cv).
Panel B shows how changes in systemic vascular resistance (SVR) affect the systemic function curves.



pressure (independent variable) (Fig.
5-16). These curves are similar to the Frank-
Starling curves shown in Figure 4-9. There is
no single cardiac function curve, but rather a
family of curves that depends on the inotropic
state and afterload (see Chapter 4). Changes
in heart rate also shift the cardiac function
curve because cardiac output, not stroke vol-
ume as in Figure 4-9, is the dependent vari-
able. With a “normal” function curve, the car-
diac output is about 5 L/min at a right atrial
pressure of about 0 mm Hg. If cardiac perfor-
mance is enhanced by increasing heart rate or
inotropy or by decreasing afterload, it shifts
the cardiac function curve up and to the left.
At the same right atrial pressure of 0 mm Hg,
the cardiac output will increase. Conversely, a
depressed cardiac function curve, as occurs
with decreased heart rate or inotropy or with
increased afterload, will decrease the cardiac
output at any given right atrial pressure.
However, the magnitude by which cardiac
output changes when cardiac performance is
altered is determined in large part by the state
of systemic vascular function. Therefore, it is
necessary to examine both cardiac and system
vascular function at the same time.
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FIGURE 5-16 Cardiac function curves. Cardiac output is
plotted as a function of right atrial pressure (Pg,); nor-
mal (solid black), enhanced (red) and depressed (red)
curves are shown. Cardiac performance, measured as
cardiac output, is enhanced (curves shift up and to the
left) by an increase in heart rate and inotropy and a de-
crease in afterload.
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Interactions between Cardiac and
Systemic Vascular Function Curves

By themselves, systemic vascular function and
cardiac function curves provide an incomplete
picture of overall cardiovascular dynamics;
however, when coupled together, these curves
can offer a new understanding as to the way
cardiac and vascular function are coupled.

When the cardiac function and vascular
function curves are superimposed (Fig.
5-17), a unique intercept between a given car-
diac and a given vascular function curve (point
A) exists. This intercept is the equilibrium
point that defines the relationship between
cardiac and vascular function. The heart func-
tions at this equilibrium until one or both
curves shift. For example, if the sympathetic
nerves to the heart are stimulated to increase
heart rate and inotropy, only a small increase
in cardiac output will occur, accompanied by a
small decrease in right atrial pressure (point
B). If at the same time the venous compliance
is decreased by sympathetic activation of ve-
nous vasculature, cardiac output will be
greatly augmented (point C). If the decrease
in venous compliance is accompanied by a de-
crease in systemic vascular resistance, cardiac
output would be further enhanced (point D).
These changes in venous compliance and sys-
temic vascular resistance, which occur during
exercise, permit the cardiac output to in-
crease. This example shows that for cardiac
output to increase significantly during cardiac
stimulation, there must be some alteration in
vascular function so that venous return is aug-
mented and right atrial pressure (ventricular
filling) is maintained. Therefore, in the normal
heart, cardiac output is limited by factors that
determine vascular function.

In pathologic conditions such as heart fail-
ure, cardiac function limits venous return. In
heart failure, ventricular inotropy is lost; total
blood volume is increased; and afterload is in-
creased (see Chapter 9). The former two lead
to an increase in atrial and ventricular pres-
sures and volumes (increased preload), which
enables the Frank-Starling mechanism to par-
tially compensate for the loss of inotropy. These
changes during heart failure can be
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FIGURE 5-17 Combined cardiac and systemic function curves: effects of exercise. Cardiac output is plotted against
right atrial pressure (P,,) to show the effects of altering both cardiac and systemic function. Point A represents the
normal operating point described by the intercept between the normal cardiac and systemic function curves. Cardiac
stimulation alone changes the intercept from point A to B. Cardiac stimulation coupled with decreased venous com-
pliance (C,) (or increased venous volume) shifts the operating intercept to point C. If systemic vascular resistance (SVR)
also decreases, which is similar to what occurs during exercise, the new intercept becomes point D.

depicted using cardiac and systemic function
curves as shown in Figure 5-18. In this figure,
point A represents the operating point in a nor-
mal heart, and point B indicates where a heart
might operate when it is in failure in the ab-
sence of systemic compensation—cardiac out-
put would be greatly reduced and right atrial
pressure would be elevated. Compensatory in-
creases in blood volume and systemic vascular
resistance, along with reduced venous compli-

ance, shift the systemic function to the right
and decrease the slope. The new, combined in-
tercept (point C) represents a partial compen-
sation in the cardiac output at the expense of a
large increase in right atrial pressure. The in-
creased atrial pressure helps to support ven-
tricular preload and stroke volume through the
Frank-Starling mechanism.

In summary, total blood flow through the
systemic circulation (cardiac output or venous
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FIGURE 5-18 Combined cardiac and systemic function curves: effects of chronic heart failure. The normal operating
intercept (point A) is shifted to point B when cardiac function alone is depressed by loss of inotropy. Compensatory
increases in total blood volume (Vol) and systemic vascular resistance (SVR), along with reduced venous compliance
(C)), shifts the systemic function to the right and decreases the slope. The new combined intercept (point C) repre-
sents partial compensation in cardiac output at the expense of a large increase in right atrial pressure (Pgy).



return) depends on both cardiac and systemic
vascular function. Cardiac stimulation in a
normal heart has only a modest effect on car-
diac output; however, if systemic function is
additionally altered by decreasing venous
compliance and systemic vascular resistance,
the cardiac output is able to increase. Without
changes in systemic function, cardiac output is
limited by the return of blood to the heart and
ventricular filling.

SUMMARY OF IMPORTANT
CONCEPTS

e Regulation of arterial pressure and organ
blood flow is primarily the function of the
small arteries and arterioles. Capillaries are
the principal site for exchange because
they have the greatest surface area.
Furthermore, capillaries have the lowest
velocity of flow because they have the
greatest cross-sectional area. Most of the
blood volume is found in the venous circu-
lation, which serves a capacitance function
(it acts as a blood reservoir) within the
body.

e Aortic pulse pressure is primarily deter-
mined by ventricular stroke volume and
aortic compliance.

® Mean arterial pressure is determined by
the product of cardiac output and systemic
vascular resistance, plus central venous
pressure.

e Vascular resistance is inversely related to
the vessel radius to the fourth power, and it
is directly related to vessel length and
blood viscosity. Vessel radius is the most
important factor for regulating resistance.

e The parallel arrangement of vascular beds
in the body reduces overall resistance.
Furthermore, because of this arrangement,
a resistance change in one vascular bed has
minimal influence on pressure and flow in
other vascular beds.

e The resistance of a single vessel or group of
vessels is the perfusion pressure divided by
the blood flow.

* Changes in large artery resistance have lit-
tle effect on total resistance of a vascular
bed, whereas changes in small artery and

VASCULAR FUNCTION 115

arteriolar resistances greatly affect total re-
sistance. The reason for this is that the re-
sistance of a large artery is normally only a
small percentage of the total resistance of a
vascular bed.

e Arterial and venous vessels are normally in
a partially constricted state (i.e., they pos-
sess vascular tone), which is determined by
the net effect of vasoconstrictor and va-
sodilator influences acting upon the vessel.

e Central venous pressure is important be-
cause it determines the preload on the
heart. Central venous pressure is altered by
changes in venous blood volume and ve-
nous compliance. Gravity, respiratory activ-
ity, and the pumping action of rhythmically
contracting skeletal muscle have important
influences on central venous pressure.

e Cardiac output is strongly influenced by
changes in systemic vascular function as
described by cardiac and systemic vascular
function curves. In the normal heart, car-
diac output is limited by factors that deter-
mine vascular function.

Please refer to the appendix for the answers
to the review questions.
For each question, choose the one best
answer:
1. Concerning different types of blood ves-
sels in a vascular network,

a. Arterioles have the highest individ-
ual resistance, and therefore, as a
group of vessels, have the greatest
pressure drop.

b. Capillaries as a group of vessels con-
stitute the greatest resistance to flow
within an organ.

c. Capillaries and venules are the pri-
mary site for fluid exchange.

d. Large arteries are the most impor-
tant vessels for blood flow and pres-
sure regulation.

2. Arterial pulse pressure
a. Decreases at high heart rates if
stroke volume decreases.
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b. Decreases when cardiac inotropy is
increased.

c. Increases when aortic compliance is
increased with age.

d. Is the perfusion pressure for the sys-
temic circulation.

3. A patient who has coronary artery dis-

ease is treated with a drug that reduces
heart rate by 10% without changing
stroke volume. Furthermore, the drug is
found to decrease mean arterial pressure
by 10%. Assume that central venous
pressure remains at 0 mmHg. This drug
a. Decreases systemic vascular resis-
tance by 10%.
b. Does not alter cardiac output.
c. Does not alter systemic vascular re-
sistance.
d. Reduces pressure by dilating the
systemic vasculature.

4. Which of the following will increase

blood flow to the greatest extent in a sin-
gle isolated blood vessel?
a. Decreasing the blood temperature
by 10°C
b. Increasing perfusion pressure by
100%
c. Increasing blood viscosity by 100%
d. Increasing the vessel diameter by
50%

5. If cardiac output is 4500 mL/min, mean

arterial pressure is 94 mm Hg, and right
atrial pressure is 4 mm Hg, systemic vas-
cular resistance (in peripheral resistance
units, PRU; mm Hg/ml  min™) is:

a. 0.02

b. 20

c. 50

d. 4.05 X 10°

. If the renal artery supplying blood flow
to the kidney has its internal diameter
reduced by 50%, the blood flow to the
kidney will decrease by what amount?
Assume that renal artery resistance is 1%
of total renal resistance and that there is
no autoregulation.

a. 50%

b. Less than 20%
c. 8-fold

d. 16-fold

8. Central venous pressure is increased by
a. Forcefully exhaling against a closed
glottis.
b. Increasing cardiac output.
c. Increasing venous compliance.

d. Standing.

8. Venous return to the right atrium is

a. Decreased as cardiac output in-
creases.

b. Decreased by sympathetic activation
of veins.

c. Increased during a forced expiration
against a closed glottis.

d. Increased during inspiration.

9. Mean circulatory filling pressure is in-
creased by
a. Decreased venous compliance.
b. Increased systemic vascular resis-
tance.
c. Decreased blood volume.
d. Increased cardiac output.

10. In a normal heart, cardiac output and
right atrial pressure are both increased

Decreased blood volume.

. Decreased systemic vascular resis-
tance.
Increased heart rate.

. Increased venous compliance.
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SUGGESTED READINGS

LEARNING OBJECTIVES

Understanding the concepts presented in this chapter will enable the student to:

1. Describe the roles of the following regions of the brain in the autonomic regulation of car-
diac and vascular function: medullary “cardiovascular centers,” hypothalamus, and cortex.

2. Describe the origin and distribution of sympathetic and parasympathetic nerves to the
heart and circulation.

3. Know the location and function of alpha- and beta-adrenoceptors and muscarinic receptors
in the heart and blood vessels.

4. Describe the effects of sympathetic and parasympathetic stimulation on the heart and cir-
culation.

5. Describe the location and afferent connections from the carotid sinus, aortic arch, and car-
diopulmonary baroreceptors to the medulla oblongata.

6. Describe how carotid sinus baroreceptors respond to changes in arterial pressure (mean
pressure and pulse pressure), and explain how changes in baroreceptor activity affect sym-
pathetic and parasympathetic outflow to the heart and circulation.

7. Describe (a) the location of peripheral and central chemoreceptors; (b) the way they re-
spond to hypoxemia, hypercapnia, and acidosis; and (c) the effects of their stimulation on
autonomic control of the heart and circulation.

8. List the factors that stimulate the release of catecholamines, renin, atrial natriuretic pep-
tide, and vasopressin.

9. Describe how sympathetic nerves, circulating catecholamines, angiotensin I, aldosterone,
atrial natriuretic peptide, and vasopressin interact to regulate arterial blood pressure.
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INTRODUCTION

Autonomic nerves and circulating hormones
serve as important mechanisms for regulating
cardiac and vascular function. These mecha-
nisms are controlled by sensors that monitor
blood pressure (baroreceptors), blood volume
(volume  receptors), blood chemistry
(chemoreceptors), and plasma osmolarity (os-
moreceptors). Peripheral sensors such as
baroreceptors are found in arteries, veins, and
cardiac chambers. They have afferent nerve
fibers that travel to the central nervous sys-
tem, where their activity is monitored and
compared against a “set point” for arterial
pressure. Deviations from the set point result
in selective activation or deactivation of neu-
rohumoral efferent control systems. Sensors
located within the central nervous system
(e.g., central chemoreceptors and osmorecep-
tors) also interact with regions within the
brain that control neurohumoral status. The
sensors work together with the neurohumoral
mechanisms to ensure that arterial blood
pressure is adequate for perfusing organs.
Although the following sections describe sev-
eral individual neurohumoral mechanisms,
note that all of these mechanisms interact to-
gether to ensure cardiovascular homeostasis.

AUTONOMIC NEURAL CONTROL

Autonomic Innervation of the Heart
and Vasculature

Autonomic regulation of cardiovascular func-
tion is controlled by the central nervous sys-
tem. The medulla oblongata located within
the brainstem, the hypothalamus, and the cor-
tical regions work to regulate autonomic func-
tion (Figs. 6-1 and 6-2). Regions within the
medulla contain the cell bodies for the
parasympathetic (vagal) and sympathetic ef-
ferent nerves. The hypothalamus plays an
integrative role by modulating medullary neu-
ronal activity, for example, during exercise or
when the body needs to adjust blood flow to
the skin to regulate body temperature. Higher
centers, including the cortex, connect with
the hypothalamus and medulla. The higher

centers can alter cardiovascular function dur-

Cerebral
Cortex
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Pons
Medulla

Spinal
Cord

FIGURE 6-1 Regions of the central nervous system in-
volved in cardiovascular regulation. The primary site of
cardiovascular regulation resides in the medulla; the hy-
pothalamus serves as an integrative region for coordi-
nating cardiovascular responses. Higher centers such as
the cortex influence cardiovascular function.

ing times of emotional stress (e.g., caused by
fear and anxiety).

The central nervous system receives sen-
sory (afferent) input from peripheral sensors
and from sensors within the brain. Afferent
fibers from peripheral baroreceptors and
chemoreceptors, as well as respiratory stretch
receptors, enter the medulla at the nucleus
tractus solitarius (NTS) (see Fig. 6-2).
Inhibitory interneurons from cells within the
NTS project to other medullary regions con-
taining cell bodies of sympathetic nerves. In
addition, excitatory interneurons from the
NTS project to medullary regions containing
cells bodies of parasympathetic (vagal) nerves.
The NTS also sends fibers to the hypothala-
mus. Sensors within the hypothalamus that
monitor blood temperature (thermorecep-
tors) send fibers to medullary regions to mod-
ulate sympathetic outflow to the cutaneous
circulation.

Parasympathetic Innervation
The parasympathetic vagal fibers innervating
the heart originate from cell bodies located
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FIGURE 6-2 Schematic representation of autonomic sympathetic (Symp) and vagal interconnections within the cen-
tral nervous system. Receptor afferent nerve fibers (e.g., from baroreceptors) enter the medulla at the nucleus trac-
tus solitarius (NTS), which projects inhibitory interneurons to the sympathetic neurons and excitatory fibers to the va-
gal neurons. The medulla receives input from the hypothalamus and higher brain centers. Sympathetic activation (+)
of blood vessels and the heart causes smooth muscle contraction (vasoconstriction), increased heart rate (positive
chronotropy), increased conduction velocity within the heart (positive dromotropy), and increased contractility (posi-
tive inotropy). Vagal activation of the heart decreases (—) chronotropy, dromotropy, and inotropy.

within the medulla of the brainstem (see Figs.
6-1 and 6-2). These cell bodies are found in
collections of neurons called the dorsal vagal
nucleus and nucleus ambiguous. Electrical
stimulation of these nuclei produces bradycar-
dia; therefore, these regions of the medulla
are sometimes referred to as the “cardioin-
hibitory center.” Under normal resting condi-
tions, these neurons are tonically active,
thereby producing what is termed “vagal
tone” on the heart, resulting in resting heart
rates significantly below the intrinsic firing
rate of the sinoatrial pacemaker. Afferent
nerves, particularly from peripheral barore-
ceptors that enter the medulla through the
NTS, modulate the activity of these vagal neu-
rons. Excitatory interneurons from the NTS,
which normally are excited by tonic barore-

ceptor activity, stimulate vagal activity. In ad-
dition, efferent fibers from the hypothalamus
modulate the vagal neurons.

Efferent vagal fibers (also referred to as
preganglionic fibers) exit the medulla as the
tenth cranial nerve and travel to the heart
within the left and right vagus nerves.
Branches from these nerves innervate specific
regions within the heart such as the sinoatrial
and atrioventricular nodes, conduction path-
ways, myocytes, and the coronary vasculature.
The preganglionic efferent fibers synapse
within or near the target tissue and form small
ganglia, from which short postganglionic
fibers innervate specific tissue  sites.
Activation of these postganglionic fibers
causes the release of the neurotransmitter
acetylcholine. This neurotransmitter binds to
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muscarinic receptors (M,), which decreases
chronotropy, dromotropy, and inotropy (more
so in the atria than in the ventricles), and di-
lates the coronary vasculature (Table 6-1 and
Figure 6-3).

The right vagus is usually the primary vagal
branch that innervates the sinoatrial (SA)
node, whereas the left vagus primarily inner-
vates the atrioventricular (AV) node and the
ventricular conduction system. This can be

TABLE 6-1 EFFECTS OF SYMPATHETIC AND PARASYMPATHETIC
STIMULATION ON CARDIAC AND VASCULAR FUNCTION

SYMPATHETIC PARASYMPATHETIC

Heart

Chronotropy (rate) + 4+ .

Inotropy (contractility) +++ -1

Dromotropy (conduction velocity) ++ — ==
Vessels (Vasoconstriction)

Resistance (arteries, arterioles) ++ + -2

Capacitance (veins, venules) ++ + 0

Relative magnitude of responses (+, increase; —, decrease; 0, no response) indicated by number of + or — signs.
" More pronounced in atria than ventricles.? Vasodilator effects only in specific organs such as genitalia.

Sympathetic

Heart

[
Inotropy

Chronotropy

Dromotropy

\—

ACh

Nerve Terminal

@) (o) (@) N

@5 B o

Blood Vessel

/

}Vasoconstriction
NE = (o)

} Vasodilation

J/

Parasympathetic
Nerve Terminal

FIGURE 6-3 Adrenergic and muscarinic receptors in the heart and blood vessels. Norepinephrine (NE) released from
sympathetic nerve terminals binds to postjunctional adrenoceptors in the heart (subtype affinity to NE: B,>>, and
a,) to produce positive inotropy, chronotropy, and dromotropy. In blood vessels, NE binds to postjunctional adreno-
ceptors (subtype affinity to NE: a;>>a;, and 8,). NE binding to postjunctional a-adrenoceptors causes vasoconstric-
tion, whereas binding to B,-adrenoceptors causes vasodilation. In both cardiac and vascular tissue, prejunctional a,-
adrenoceptors inhibit NE release, and prejunctional B,-adrenoceptors enhance NE release. Parasympathetic (vagal)
nerves in the heart release acetylcholine (ACh), which binds to prejunctional muscarinic receptors (M,) to inhibit NE
release. ACh also binds to postjunctional M, receptors to decrease inotropy, chronotropy, and dromotropy. In a few
specific organs (e.g., genitalia), ACh released by parasympathetic nerves binds to vascular M, receptors to produce

endothelial-dependent vasodilation.
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demonstrated experimentally by electrically
stimulating the right vagus nerve, which
causes bradycardia (or SA nodal arrest) with
little change in AV nodal conduction, as evi-
denced by a relatively small increase in the P-
R interval of the electrocardiogram. Left vagal
stimulation, in contrast, usually results in a
pronounced AV nodal block (see Chapter 2),
with relatively little decrease in heart rate.
However, these responses to vagal stimulation
can be markedly different between individu-
als because of crossover of the left and right
vagal efferents.

Some efferent parasympathetic fibers in-
nervate blood vessels in specific organs in
which they directly or indirectly cause vasodi-
lation. Direct vasodilation by parasympathetic
activation in some tissues (e.g., genitalia erec-
tile tissue) is achieved through the release of
acetylcholine, which binds to muscarinic re-
ceptors on the vascular endothelium to cause
vasodilation through the subsequent forma-
tion of nitric oxide (see Chapter 3).
Parasympathetic stimulation causes indirect
vasodilation in some organs (e.g., gastroin-
testinal circulation) by stimulating non-vascu-
lar tissue to produce vasodilator substances
such as bradykinin, which then binds to vas-
cular receptors to cause vasodilation. Note
that any existing parasympathetic nerves pri-
marily serve to regulate blood flow within spe-
cific organs rather than to play a significant
role in the regulation of systemic vascular re-
sistance and arterial blood pressure.

Sympathetic Innervation

The sympathetic adrenergic control of the
heart and vasculature originates from neurons
found within the medulla. These neurons are
not organized into distinct nuclei, but instead
make up a less defined but highly complex sys-
tem of interconnected neurons. Electrical
stimulation of certain regions within the
medulla produce tachycardia and systemic
vasoconstriction; therefore, terms such as
“cardiostimulatory centers” and “pressor” and
“vasoconstrictor centers” are sometimes used
to describe these neuronal networks.
Sympathetic neurons have spontaneous action
potential activity, which results in tonic stimu-

lation of the heart and vasculature. Therefore,
acute sympathetic denervation of the heart
and systemic blood vessel usually results in
bradycardia and systemic vasodilation. At low
resting heart rates, the effects of sympathetic
denervation on the heart rate are relatively
small because the heart is under a high level
of vagal tone. In contrast, sympathetic tone is
relatively high in most organ circulations;
therefore, sudden removal of sympathetic
tone produces significant vasodilation and hy-
potension.

Parasympathetic ~ activity ~within  the
medulla normally inhibits sympathetic activ-
ity, and vice versa. Therefore, reciprocal acti-
vation of the medullary centers controlling va-
gal and sympathetic outflow generally occurs.
An example of this reciprocity occurs when a
person stands up and arterial blood pressure
falls. Baroreceptor reflexes cause the
medullary centers to increase sympathetic
outflow to stimulate the heart (increase heart
rate and inotropy) and to constrict the sys-
temic vasculature. These cardiac and vascular
responses help to restore normal arterial pres-
sure. As sympathetic fibers are being acti-
vated, parasympathetic activity is decreased.
This is important because without removal of
vagal influences on the heart, the ability of en-
hanced sympathetic activity to increase heart
rate is impaired.

Regions within the hypothalamus can inte-
grate and coordinate cardiovascular responses
by providing input to medullary centers.
Studies have shown that electrical stimulation
of specific hypothalamic regions produces au-
tonomic responses that mimic those that oc-
cur during exercise, or the flight-or-fight re-
sponse. These coordinated responses include
sympathetic-mediated tachycardia, increased
inotropy, catecholamine release, and systemic
vasoconstriction.

Input from higher cortical regions can alter
autonomic function as well. For example, sud-
den fear or emotion can sometimes cause va-
gal activation leading to bradycardia, with-
drawal of sympathetic vascular tone, and
fainting (vasovagal syncope). Fear and anxi-
ety can lead to sympathetic activation that
causes tachycardia, increased inotropy, and
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hypertension. Chronic sympathetic activation
induced by long-term emotional stress can re-
sult in sustained hypertension, cardiac hyper-
trophy, and arrhythmias.

Axons from sympathetic neurons (also
termed preganglionic fibers) leave the
medulla, travel down the spinal cord, and exit
at specific thoracolumbar levels (T1-L2).
These fibers then synapse within sympathetic
paravertebral ganglia (cervical, stellate,
and thoracolumbar sympathetic chain) lo-
cated on either side of the spinal cord, or they
synapse within prevertebral ganglia located
within the abdomen (celiac, superior mesen-

Cranial Nerve X

teric, and inferior mesenteric ganglia) (Fig.
6-4). Postganglionic sympathetic fibers travel
to target organs where they innervate arteries
and veins; capillaries are not innervated. Small
branches of these efferent nerves are found in
the adventitia (outer) layer of blood vessels.
Varicosities, which are small enlargements
along the sympathetic nerve fibers, provide
the site of neurotransmitter release.
Postganglionic sympathetic fibers traveling
to the heart innervate the sinoatrial and atrio-
ventricular nodes, conduction system, and
cardiac myocytes, as well as the coronary vas-
culature. Sympathetic activation increases

vagus
(vagus)
Cervical
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FIGURE 6-4 Organization of sympathetic and vagal innervation of the heart and circulation. The tenth cranial nerve
(vagus; parasympathetic) arises from the brainstem. Preganglionic fibers (solid red line, A) travel to the heart, where
they synapse with cell bodies of short postganglionic fibers that innervate the heart. Preganglionic sympathetic nerves
(solid black lines) arise from thoracic (T1-T12) and lumbar segments of the spinal cord. Some of these fibers (B) en-
ter the paravertebral ganglia (sympathetic chain) on both sides of the spinal cord, and travel within the ganglia to
synapse above (B) or below their entry level, or at their level of entry (C). Postganglionic fibers (dotted black lines)
from the cervical ganglia primarily innervate the heart, whereas those from thoracic ganglia travel to blood vessels
and to the heart. Preganglionic fibers from lower thoracic and upper lumbar segments generally synapse in prever-
tebral ganglia (D), from which postganglionic fibers travel to blood vessels.
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chronotropy, dromotropy, and inotropy (see
Table 6-1). These effects are mediated pri-
marily by norepinephrine binding to B,;-
adrenoceptors on the heart (see Figure 6-3).
There are also post-junction ,-adrenoceptors
in the heart; however, they are normally less
important than 3,-adrenoceptors. Prejunctional
Bs-adrenoceptors facilitate norepinephrine
release, whereas prejunctional a,-adrenocep-
tors inhibit norepinephrine release.

Sympathetic activation constricts both re-
sistance and capacitance vessels, thereby in-
creasing systemic vascular resistance (and ar-
terial blood pressure) and decreasing venous
capacitance (which increases venous pres-
sure) (see Table 6-1). Norepinephrine re-
leased by sympathetic adrenergic nerves pref-
erentially binds o,-adrenoceptors to cause
smooth muscle contraction and vasoconstric-
tion (see Figure 6-3). Similar responses occur
when norepinephrine binds to postjunctional
a,-adrenoreceptors located primarily on small
arteries and arterioles, although postjunc-
tional «,-adrenoceptors are generally the
more important a-adrenoceptor subtype. In
addition, norepinephrine can bind to prejunc-
tional a,-adrenoreceptors, which acts as a
negative feedback mechanism for modulating
norepinephrine release.

Blood vessels possess postjunctional Bs-
adrenoceptors. Activation of postjunctional 3,-
adrenoceptors by norepinephrine (and, more
importantly, by circulating epinephrine)
causes vasodilation in the absence of opposing
a-adrenoceptor mediated vasoconstriction. To
observe this B,-adrenoceptor induced vasodi-
lation experimentally, one can stimulate vascu-
lar sympathetic nerves in the presence of com-
plete a-adrenoceptor blockade. Normally, this
small By-receptor mediated vasodilator effect
of norepinephrine is completely overwhelmed
by simultaneous a-adrenoceptor activation,
leading to vasoconstriction.

Sympathetic activation of resistance vessels
significantly contributes to the vascular tone in
many organs. This can be demonstrated by
abruptly removing sympathetic influences
(e.g., by blocking a-adrenoceptors with drugs).
When this is done, blood flow increases, the
amount of which depends upon the degree of

sympathetic tone and the strength of local au-
toregulatory mechanisms that will attempt to
maintain constant blood flow (see Chapter 7).
For example, if a-adrenoceptors in the fore-
arm circulation are blocked pharmacologically,
blood flow increases two- or three-fold. Over
time, however, intrinsic autoregulatory mecha-
nisms restore normal tone and blood flow.

As described further in Chapter 7, the vas-
cular response to sympathetic activation dif-
fers among organs. For example, skeletal mus-
cle, cutaneous, gastrointestinal, and renal
circulations are strongly influenced by sympa-
thetic activity. In contrast, the coronary and
cerebral circulations have only weak re-
sponses to sympathetic stimulation. Sym-
pathetic stimulation of the heart produces
only transient coronary vasoconstriction,
which is followed by vasodilation produced by
metabolic factors associated with increased
cardiac mechanical activity. Therefore, gener-
alized sympathetic activation of the circula-
tion increases arterial pressure and reduces
organ perfusion throughout the body except
in the heart and brain.

Baroreceptor Feedback Regulation
of Arterial Pressure

As described above, sympathetic nerves play
an important role in regulating systemic vas-
cular resistance and cardiac function, and
therefore arterial blood pressure. But, how
does the body control the systemic vascular
resistance and cardiac output to establish and
maintain an arterial blood pressure to ensure
adequate organ perfusion?

Arterial blood pressure is regulated
through negative feedback systems incorpo-
rating pressure sensors (i.e., baroreceptors)
found in strategic locations within the cardio-
vascular system. Arterial baroreceptors are
found in the carotid sinus (at the bifurcation
of external and internal carotids) and in the
aortic arch (Fig. 6-5). The sinus nerve (nerve
of Hering), a branch of the glossopharyngeal
nerve (cranial nerve IX), innervates the
carotid sinus. Afferent fibers from the carotid
sinus travel in the glossopharyngeal nerve up
to the brainstem, where they synapse at the
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Glossopharyngeal Nerve
(Cranial Nerve IX)

Sinus Nerve
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FIGURE 6-5 Location and innervation of arterial barore-
ceptors. Carotid sinus receptors are located on the in-
ternal carotid artery just above the junction with the ex-
ternal carotid artery. These receptors are innervated by
the sinus nerve of Hering, which joins the glossopha-
ryngeal nerve (cranial nerve IX) before traveling up to
the medulla. Afferent nerves from the aortic arch re-
ceptors join the vagus nerve (cranial nerve X), which
then travel to the medulla. R, right; L, left.

nucleus tractus solitarius. The nucleus tractus
solitarius modulates the activity of “cardiovas-
cular centers” within the medulla. The aortic
arch baroreceptors are innervated by the aor-
tic nerve, which then combines with the vagus

nerve (cranial nerve X) before traveling to the
nucleus tractus solitarius.

The arterial baroreceptors respond to the
stretching of the vessel walls produced by in-
creases in arterial blood pressure (Figure 6-6).
Increased arterial pressure increases the firing
rate of individual receptors and nerves. Each
individual receptor has its own threshold and
sensitivity to changes in pressure; therefore,
additional receptors are recruited as pressure
increases. Overall, the receptors of the carotid
sinus respond to pressures ranging from about
60-180 mm Hg. Therefore, if arterial blood
pressure decreases from normal, it lowers the
firing rate of the carotid sinus baroreceptors;
conversely, increased arterial pressure in-
creases receptor firing.

Baroreceptors are sensitive to the rate of
pressure change and to a steady or mean pres-
sure. At a given mean arterial pressure, de-
creasing the arterial pulse pressure decreases
firing rate. This is important during conditions
such as hemorrhagic shock in which pulse
pressure (as well as mean pressure) decreases
because of the decline in stroke volume
caused by decreased ventricular preload and
increased heart rate. Therefore, reduced
pulse pressure reinforces the baroreceptor re-
flex when mean arterial pressure falls. The
curve representing the frequency of barore-
ceptor firing in Figure 6-6 is the integrated re-
ceptor ﬁring at a given pulse pressure. At re-
duce pulse pressures, the curve shifts to the

100
Carotid Sinus Arterial Pressure Pulse
Maximal
ensitivit
Integrated s \)L Mean _\/_\/:\_
Receptor 50 4 Normal
Firing Rate Pulse
(% max) Pressure Reduce Receptor
Pulse Firing H—HH— HiH
. Pressure
0 - 1 1
100 200

Mean Arterial Pressure
(mmHg)

FIGURE 6-6 Effects of arterial pressure on integrated carotid sinus firing rate. Left panel: The threshold for receptor
activation occurs at mean arterial pressures of about 60 mm Hg; maximal firing occurs at about 180 mm Hg. Maximal
receptor sensitivity occurs at normal mean arterial pressures. The receptor firing-response curve shifts to the right
with decreased pulse pressures; therefore, a decrease in pulse pressure at a given mean pressure decreases firing.
Right panel: Single receptor firing in response to pulsatile pressure. Receptors fire more rapidly when arterial pressure

is rapidly increasing during cardiac systole.
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right, thereby decreasing the firing at any
given mean arterial pressure.

Maximal carotid sinus sensitivity (the point
of greatest slope of the response curve in
Figure 6-6) occurs near the “set point” of nor-
mal mean arterial pressures (approximately 95
mm Hg in adults). Therefore, small deviations
from this set point elicit large changes in
baroreceptor firing frequency. This set point,
and the entire receptor response curve, is not
fixed. Chronic shifts in this curve can occur
during hypertension, heart failure, and other
disease states. In hypertension, for example,
the curve shifts to the right, thereby reducing
the firing rate at any given mean arterial pres-
sure. This resetting of the baroreceptor re-
sponse can occur at the level of the receptors
themselves as well as in the brainstem. In ar-
teriosclerosis, the carotid arteries at the region
of the carotid sinus become less compliant,
and therefore they stretch less in response to
changes in arterial blood pressure—this de-
creases their sensitivity. During exercise,
medullary and hypothalamic control centers
can modulate autonomic efferent responses at
a given level of baroreceptor firing, thereby
resetting arterial pressure to a higher level.

Receptors located within the aortic arch
function similarly to carotid sinus receptors;
however, they have a higher threshold pres-
sure for firing and are less sensitive than the
carotid sinus receptors. Therefore, the aortic
arch baroreceptors serve as secondary barore-
ceptors, with the carotid sinus receptors nor-
mally being the dominant arterial barorecep-
tor.

To understand how the baroreceptor reflex
operates, consider the events that occur in re-
sponse to a decrease in arterial pressure
(mean, pulse, or both) when a person sud-
denly stands up (Figure 6-7). When upright
posture is suddenly assumed from the supine
position, gravity causes venous blood pooling
below the heart, particularly in the legs (see
Chapter 5). This decreases venous return,
central venous pressure, and ventricular pre-
load, leading to a fall in cardiac output and ar-
terial blood pressure. Decreased stretching of
baroreceptors results in decreased barorecep-
tor firing. The “cardiovascular center” within

Decreased Decreased
Arterial ——— > Receptor
Pressure Firing

/: :\

CcOo SVR

T+ +T T Sympathetic CNS

| Parasympathetic

FIGURE 6-7 Baroreceptor feedback loop. A sudden de-
crease in arterial pressure, as occurs when a person sud-
denly stands up from a supine position, decreases
baroreceptor firing, activating sympathetic nerves and
inhibiting parasympathetic (vagal) nerves. This change
in autonomic balance increases (+) cardiac output (CO)
and systemic vascular resistance (SVR), which helps to
restore normal arterial pressure. CNS, central nervous
system.

the medulla responds by increasing sympa-
thetic outflow, which increases systemic vas-
cular resistance (vasoconstriction) and cardiac
output (increased heart rate and inotropy).
Decreased parasympathetic outflow from the
medulla contributes to the elevation in heart
rate.

Note that baroreceptor firing normally ex-
erts a tonic inhibitory influence on sympa-
thetic outflow from the medulla. Therefore,
hypotension and decreased baroreceptor fir-
ing disinhibits sympathetic outflow (i.e., it in-
sympathetic activity) from the
medullary centers. The combined effects on
systemic vascular resistance and cardiac out-
put increases arterial blood pressure back to-
ward its set point.

The carotid sinus reflex can be activated by
rubbing the neck over the carotid sinus (i.e.,
carotid sinus massage). This mechanical
stimulation of the receptors increases their fir-
ing, which leads to decreased sympathetic and
increased parasympathetic outflow from the
medulla. This action is sometimes used to
abort certain types of arrhythmias by activat-
ing the vagus efferents to the heart.

In addition to arterial baroreceptors,
stretch receptors are located at the venoatrial
junctions of the heart (cardiopulmonary re-
ceptors) and respond to atrial filling and con-
traction. These tonically active receptors are

creases
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PROBLEM 6-1

How do the carotid sinus baroreceptors respond to occlusion of both common carotid
arteries? What are the cardiovascular responses to bilateral carotid occlusion? How
would these responses be altered by bilateral vagotomy? How would these responses
be altered by the pharmacologic blockade of 8,-adrenoceptors?

The common carotid arteries are below the carotid sinus baroreceptors. Therefore,
occlusion of both carotid arteries reduces pressure within the carotid sinuses. This de-
creases their firing, leading to increased sympathetic and decreased vagal outflow
from the medullary cardiovascular centers. This action results in systemic vasoconstric-
tion (increased systemic vascular resistance and decreased venous compliance) and car-
diac stimulation (increased heart rate and inotropy). These cardiovascular adjustments
will cause arterial pressure to rise.

Bilateral vagotomy enhances the response described above because as arterial pres-
sure rises during carotid occlusion, the aortic arch baroreceptors, which are innervated
by the vagus nerve, increase their firing. This partially counteracts the effects of de-
creased carotid sinus firing. Bilateral vagotomy removes this influence of the aortic
arch baroreceptors.

Blockade of B,-adrenoceptors would prevent the sympathetic-mediated increases in
heart rate and inotropy (although some withdrawal of vagal tone may still result in a
small tachycardia). The pressor response would still occur because of systemic vasocon-
striction (o;,-adrenoceptor mediated); however, it would be blunted significantly be-
cause cardiac stimulation would be blocked.

innervated by myelinated vagal afferents.
Increased stretch caused by an increase in ve-
nous return can sometimes increase heart rate
via medullary center activation of sympathetic
efferent activity to the SA node. This re-
sponse, which is called the Bainbridge re-
flex, increases heart rate when the initial
heart rate is low.

An increase in blood volume and venous
pressure stimulates other types of cardiopul-
monary receptors to decrease antidiuretic
hormone (ADH, vasopressin) release by the
posterior pituitary. Decreased circulating
ADH causes diuresis, which leads to a fall in
blood volume and venous pressure. If blood
volume is lost as a result of dehydration or he-
morrhage, these receptors will increase ADH
release so that the kidneys excrete less water.

Unmyelinated vagal afferents are found
throughout the atria and ventricles. Receptors
associated with these vagal afferents respond
to stretch such that the firing rate of these re-
ceptors is enhanced with increased atrial and
ventricular pressures. The effects of these re-

ceptors on sympathetic and vagal outflow are
similar to on the arterial baroreceptors.
Depending upon the circumstances, however,
these receptors can either oppose or reinforce
arterial baroreceptor function. In heart fail-
ure, atrial and ventricular filling pressures are
increased, whereas arterial pressure is de-
creased. Under this condition, increased firing
by the atrioventricular receptors opposes the
decreased firing by arterial baroreceptors.
During hemorrhage, cardiac chamber pres-
sures and arterial pressures are both reduced.
This causes the atrioventricular receptors and
the arterial baroreceptors to decrease their fir-
ing rates and therefore reinforce each other.

Chemoreceptors

Chemoreceptors are specialized cells located
on arteries (peripheral chemoreceptors) and
within the medulla (central chemoreceptors)
that monitor pO,, pCO,, and H* concentra-
tion. Their primary function is to regulate res-
piratory activity to maintain arterial blood
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pO:, pCO,, and pH within a narrow physio-
logic range. Chemoreceptor activity, however,
affects cardiovascular function either directly
by influencing medullary cardiovascular cen-
ters or indirectly through altered pulmonary
stretch receptor activity. Impaired respiratory
gas exchange, hypoxic environments, cerebral
ischemia, and circulatory shock, for example,
increase chemoreceptor activity, leading to
enhanced sympathetic outflow to the heart
and vasculature by activating pressor regions
within the medulla.

The peripheral chemoreceptors are
found in two locations. Small carotid bodies
are associated with the external carotid arter-
ies near their bifurcation with the internal
carotids. Afferent nerve fibers from the
carotid body receptors join with the sinus
nerve before entering the glossopharyngeal
nerve to synapse in the medulla. The carotid
bodies increase their firing in response to a fall
in arterial pO, (hypoxemia) or to an increase
in arterial pCO, (hypercapnia) and hydrogen
ion concentration (acidosis). The threshold
pO; for activation is about 80 mm Hg (normal
arterial pO, is about 95 mm Hg). Any eleva-
tion of pCO, above its normal value of 40 mm
Hg, or a decrease in pH below 7.4, also in-
creases receptor firing. In addition, carotid
body firing can be stimulated by reduced
carotid body perfusion, as occurs during hy-
potension associated with circulatory shock.
This response to reduced perfusion can occur
without changes in arterial pO,, pCO,, and
pH. The mechanism may involve cellular
hypoxia resulting from inadequate oxygen de-
livery to the carotid bodies (i.e., “stagnant
hypoxia”). Another set of peripheral chemore-
ceptors, the aortic bodies, are located on the
aortic arch, and they function similarly to the
carotid bodies. Their afferent connections to
the medulla travel with the vagus nerve.

Central chemoreceptors are found in
the medulla regions that control cardiovascu-
lar and respiratory activity. These receptors
increase their firing in response to hyper-
capnia and acidosis but not directly in re-
sponse to hypoxia. Carbon dioxide diffusing
from the blood into the cerebrospinal fluid
forms hydrogen ion by the bicarbonate buffer

system, and it is the hydrogen ion rather than
the carbon dioxide that stimulates receptor
firing.

If a subject breathes a gas mixture contain-
ing 10% instead of 21% oxygen, chemorecep-
tor activation (primarily peripheral) increases
respiratory activity and stimulates sympathetic
activity to the heart and systemic vasculature,
causing arterial blood pressure to increase. If,
however, respiratory rate and depth are not al-
lowed to change, the sympathetic-mediated
pressor response is accompanied by bradycar-
dia resulting from vagal activation of the
heart. This demonstrates that the tachycardia
normally found during hypoxemia is sec-
ondary to respiratory stimulation and activa-
tion of pulmonary stretch receptors.
Cardiovascular responses to hypercapnia and
acidosis likewise depend in part upon respira-
tory responses.

Other Autonomic Reflexes Affecting
the Heart and Circulation

In addition to the baroreceptor and chemore-
ceptor reflexes already described, several
other reflexes affect cardiovascular function
(Table 6-2). An increase in intracranial pres-
sure, which can occur following hemorrhagic
stroke or brain trauma, elicits a strong, sympa-
thetic-mediated pressor response (Cushing
reflex), often accompanied by baroreceptor-
mediated bradycardia. It is thought that the
high intracranial pressure produces brain is-
chemia that stimulates medullary centers.
Another sympathetic reflex involving the brain
occurs when cerebral perfusion falls owing to
severe hypotension (a mean arterial pressure
less than 60 mm Hg), producing cerebral
ischemia. This can be thought of as a final ef-
fort by the body to restore perfusion pressure
to the brain by causing intense constriction of
the systemic circulation. Mean arterial pres-
sure can rise to well over 200 mm Hg during
severe cerebral ischemia.

Pain also affects cardiovascular function.
For example, chest pain associated with coro-
nary ischemia (anginal pain) or myocardial in-
farction in the anterior left ventricle can cause
generalized sympathetic activation, leading to
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TABLE 6-2 REFLEXES AFFECTING THE HEART AND CIRCULATION THROUGH
CHANGES IN SYMPATHETIC AND PARASYMPATHETIC ACTIVITY

RECEPTOR RECEPTOR SYMPATHETIC PARASYMPA-
REFLEX TYPE LOCATION STIMULUS ACTIVITY THETIC ACTIVITY
Arterial Mechano-  Internal Increased Decreased Increased
Baroreceptor receptor Carotids and  Arterial
Aortic Arch Pressure
Bainbridge Mechano-  Venoatrial Increased Increased Decreased
receptor Junctions Venous Return
Cardiac Mechano-  Atria and Increased Decreased Increased
receptor Ventricles Chamber
Pressure
Peripheral Chemo- Carotid and  Hypoxia, Increased Decreased '
Chemo- receptor Aortic Hypercapnia,
receptor Bodies Acidosis
Central Chemo- Medulla Hypercapnia, Increased Decreased
Chemo- receptor Acidosis
receptors
Cushing Chemo- Brain Intracranial Increased Increased
Reflex receptor? Pressure
Cerebral Chemo- Brain Ischemia Increased Decreased
Ischemia receptor
Bezold- Chemo- Ventricles Chemical, Decreased Increased
Jarisch receptor and coro- Ischemia
Reflex nary arteries
Pain Nociceptor Various 3 Pain Increased Decreased
Deep Pain Nociceptor Various * Pain Decreased Increased
Vasovagal Various Various Strong Decreased Increased
Reflex Emotion, Pain
Pulmonary Proprio- Airways, Lung Inflation  Decreased Decreased
Stretch ceptor Respiratory
Reflex Muscles
Muscle and Proprio- Muscles Muscle Increased Decreased
Joint ceptor, Movement
Reflex Chemo-
receptor
Diving Thermo- Face Water Increased Increased
Reflex receptor Submersion
Temperature Thermo- Skin, Hypo- Increased & Increased or Insignificant
Reflex receptor thalamus Decreased Decreased
Temperature

Mechanoreceptors sense deformation or stretch; chemoreceptors respond to chemical stimuli; nociceptors respond
to pain caused by mechanical, thermal, or chemical stimuli; proprioceptors sense position and movement; and ther-
moreceptors respond to either cold or warm temperatures. The vasovagal reflex can be triggered by several differ-
ent stimuli such as pain or strong emotion. 'Decreased parasympathetic activity to heart contributes to the increase
in heart rate seen when respiration is augmented. If respiration is held constant, parasympathetic activity is in-
creased, leading to bradycardia. ?Brain ischemia caused by high intracranial pressure and reduced cerebral perfusion
stimulates chemoreceptors via increased hydrogen ion concentration. *Cardiac ischemic pain, as well as other origins
of pain, can trigger this reflex. “Deep pain arising from viscera and muscle elicits this reflex.
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elevated arterial pressure and tachycardia and
to sweating (diaphoresis). If cardiac output
decreases significantly because of the is-
chemic injury, arterial pressure may fall de-
spite the enhanced sympathetic activity. Deep
pain produced by trauma or visceral disten-
sion can produce hypotension (i.e., circulatory
shock) caused by enhanced parasympathetic
and decreased sympathetic activity. Another
example of a pain reflex is the cold pressor
response. If a person’s hand is submerged
into ice-cold water, arterial pressure increases
as a result of sympathetic activation.

Stimulation of specific types of chemore-
ceptors within the heart and coronary arteries
can produce bradycardia and hypotension me-
diated by vagus nerve afferents and efferents
(Bezold-Jarisch reflex). This reflex is some-
times stimulated when dye is injected into
coronary arteries during coronary arteriogra-
phy. Ischemia within the inferoposterior wall
of the left ventricle can likewise produce this
reflex.

Lung inflation activates pulmonary
stretch receptors (located in the airways and
respiratory muscles) that inhibit medullary
sympathetic centers and cause arterial pres-
sure to fall; heart rate increases reflexively.
These receptors contribute to the normal
cyclical changes in heart rate and arterial
pressure associated with respiratory activity.

Limb muscles and tendons also possess re-
ceptors that sense tension and length changes
(muscle and joint stretch receptors).
Passive or active movement of joints can stim-
ulate sympathetic activity to the heart and cir-
culation and help to reinforce cardiovascular
responses to exercise.

The diving reflex is observed in man, al-
though this reflex is far more developed in an-
imals such as seals and ducks. When a person
dives under water, the heart rate slows (vagal
mediated) and systemic blood flow is reduced
owing to peripheral vasoconstriction (sympa-
thetic mediated). This response reduces oxy-
gen consumption by the body and myo-
cardium while preserving coronary and
cerebral blood flow. Breath holding enhances
this reflex. Thermoreceptors located on the
face respond to the cool water and relay this

information to the brainstem through afferent
facial nerves.

Finally, changes in environmental temper-
ature sensed by cold and warm thermore-
ceptors in the skin can lead to reflex changes
in cutaneous blood flow and sweating.
Similarly, changes in core temperature,
sensed by thermoreceptors located in the hy-
pothalamus, produce changes in sympathetic
activity to the skin circulation. For example, a
decrease in either skin surface temperature or
hypothalamic blood temperature leads to cu-
taneous vasoconstriction.

HUMORAL CONTROL

In addition to autonomic nerves, many circu-
lating factors (humoral substances) exist that
affect cardiac and vascular function. Some of
these humoral factors directly influence the
heart and blood vessels, whereas others indi-
rectly alter cardiovascular function through
changes in blood volume. Major humoral fac-
tors include circulating catecholamines, the
renin-angiotensin-aldosterone system, atrial
natriuretic peptide, and antidiuretic hormone
(vasopressin). Although not addressed in this
chapter, note that many other hormones and
circulating substances (e.g., thyroxine, estro-
gen, insulin, and growth hormone) have direct
or indirect cardiovascular effects.

Circulating Catecholamines

Circulating catecholamines originate from
two sources. The adrenal medulla releases
catecholamines (80% epinephrine, 20% nor-
epinephrine) when preganglionic sympathetic
nerves innervating this tissue are activated.
This occurs during times of stress (e.g., exer-
cise, heart failure, blood loss, emotional stress,
excitement, or pain). Sympathetic nerves in-
nervating blood vessels are another source of
circulating catecholamines, principally norep-
inephrine. Normally, most of the norepineph-
rine released by sympathetic nerves is taken
back up by the nerves and metabolized (some
is taken up by extraneuronal tissues). A small
amount of released norepinephrine, however,
diffuses into the blood and circulates through-
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TABLE 6-3 DIRECT EFFECTS OF LOW PLASMIA CONCENTRATIONS OF
EPINEPHRINE (EPI) AND NOREPINEPHRINE (NOREPI) ON CARDIAC

AND VASCULAR FUNCTION

EPI NOREPI

Cardiac

Heart Rate F 4

Inotr aF I . .

L] +, increases; —, decreases. ' Decreases heart rate in

Dromotropy + + vivo owing to baroreceptor reflexes. 2 Some vascular
VaseulEiumE beds constrict, whereas others dilate.

Resistance =/ 2 4

Capacitance = =

out the body. At times of high levels of sym-
pathetic nerve activation, the amount of nor-
epinephrine spilling over into the blood can
increase dramatically.

Circulating epinephrine has several direct
cardiovascular actions that depend upon the
relative distribution of adrenergic receptors in
different organs and the relative affinities of
the different receptors for epinephrine.
Epinephrine binds to B, Bs, o;, and oy
adrenoceptors; however, the affinity of epi-
nephrine for B-adrenoceptors is much greater
than for a-adrenoceptors. The relative recep-
tor affinities explain why, at low plasma con-
centrations, epinephrine binds preferentially

to B-adrenoceptors. Therefore, at low to mod-
erate circulating levels of epinephrine, heart
rate, inotropy, and dromotropy are stimulated
(primarily B,-adrenoceptor mediated). Epi-
nephrine at low concentrations binds to Bs-
adrenoceptors located on small arteries and
arterioles (particularly in skeletal muscle) and
causes vasodilation.

If a low dose of epinephrine is injected in-
travenously while systemic hemodynamics are
monitored, heart rate (and cardiac output)
will increase, systemic vascular resistance will
fall, but mean arterial pressure will change
very little (Fig. 6-8; Table 6-3). At high plasma
concentrations, the cardiovascular actions of

180 Epinephrine
Arterial 140
Pressure
100
(mmHg)
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120
Heart
Rate 100 7

(beats/min) gp _/\

60 ,

Time (min)

FIGURE 6-8 Effects of intravenous administration of a low dose of epinephrine on arterial pressure and heart rate. A
low dose of epinephrine increases heart rate and arterial pulse pressure (it increases systolic and decreases diastolic
pressure) with little change in mean arterial pressure. These changes occur because low concentrations of epineph-
rine preferentially bind to cardiac B,-adrenoceptors (produces cardiac stimulation) and vascular B,-adrenoceptors
(produces systemic vasodilation). Mean pressure does not change very much because the increase in cardiac output
is offset by the decrease in systemic vascular resistance.
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PROBLEM 6-2

nephrine?

How would the changes in arterial pressure and heart rate shown in Figure 6-8 be dif-
ferent if B,-adrenoceptors were blocked before the administration of low-dose epi-

B,-adrenoceptor activation is responsible for the tachycardia and increased cardiac
output produced by epinephrine. Blocking B,-adrenoceptors would abolish this re-
sponse. Epinephrine also binds to vascular 8,-adrenoceptors to cause vasodilation;
therefore arterial pressure would fall during epinephrine infusion in the presence of
B;-adrenoceptor blockade because the decrease in systemic vascular resistance would
not be offset by an increase in cardiac output.

epinephrine are different because epineph-
rine binds to a-adrenoceptors as well as to B-
adrenoceptors. Increasing concentrations of
epinephrine result in further cardiac stimula-
tion along with a-adrenoceptor mediated acti-
vation of vascular smooth muscle leading to
vasoconstriction. This increases arterial blood
pressure (pressor response) owing to both an
increase in cardiac output and an increase in
systemic vascular resistance.

Circulating norepinephrine affects the
heart and systemic vasculature by binding to
B, Bs, oy, and o, adrenoceptors; however, the
affinity of norepinephrine for B, and o,-
adrenoceptors is relatively weak. Therefore,
the predominant affects of norepinephrine
are mediated through B, and «;-adrenocep-
tors. If norepinephrine is injected intra-
Venously, it causes an increase in mean arter-
ial blood pressure (systemic vasoconstriction)
and pulse pressure (owing to increased stroke
volume) and a paradoxical decrease in heart
rate after an initial transient increase in heart
rate (Fig. 6-9; Table 6-3). The transient in-

crease in heart rate is due to norepinephrine
binding to B,-adrenoceptors in the sinoatrial
node, whereas the secondary bradycardia is
due to a baroreceptor reflex (vagal-mediated),
which is in response to the increase in arterial
pressure.

High levels of circulating catecholamines,
caused by a catecholamine-secreting adrenal
tumor (pheochromocytoma), causes tachy-
cardia, arrhythmias, and severe hypertension
(systolic arterial pressures can exceed 200 mm
Hg).

Other actions of circulating catecholamines
include (1) stimulation of renin release with
subsequent elevation of angiotensin II (AII)
and aldosterone, and (2) cardiac and vascular
smooth muscle hypertrophy and remodeling.
These actions of catecholamines, in addition to
the hemodynamic and cardiac actions already
described, make them a frequent therapeutic
target for the treatment of hypertension, heart
failure, coronary artery disease, and arrhyth-
mias. This has led to the development and use
of many different types of a and B-adrenocep-

PROBLEM 6-3

norepinephrine.

How would the norepinephrine-induced changes in arterial pressure and heart rate
shown in Figure 6-9 be different in the presence of bilateral cervical vagotomy?
Bilateral cervical vagotomy would prevent vagal slowing of the heart and denervate
the aortic arch baroreceptors. Heart rate (and inotropy) would increase owing to nor-
epinephrine binding to B;-adrenoceptors on the heart that is now unopposed by the
vagus. This, along with aortic arch denervation, would enhance the pressor response of
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FIGURE 6-9 Effects of intravenous administration of a moderate dose of norepinephrine on arterial pressure and
heart rate. Norepinephrine increases mean arterial pressure and arterial pulse pressure; heart rate transiently increases
(B,-adrenoceptor stimulation), then decreases owing to baroreceptor reflex activation of vagal efferents to the heart.
Mean arterial pressure rises because norepinephrine binds to vascular a,-adrenoceptors, which increases systemic

vascular resistance.

tor antagonists to modulate the effects of cir-
culating catecholamines as well as the norepi-
nephrine released by sympathetic nerves.

Renin-Angiotensin-Aldosterone
System

The renin-angiotensin-aldosterone system
plays an important role in regulating blood vol-
ume, cardiac and vascular function, and arterial
blood pressure. Although the pathways for
renin and angiotensin formation have been
found in a number of tissues, the most impor-
tant site for renin formation and subsequent
formation of circulating angiotensin is the kid-
ney. Sympathetic stimulation of the kidneys
(via B,-adrenoceptors), renal artery hypoten-
sion, and decreased sodium delivery to the dis-
tal tubules (usually caused by reduced
glomerular filtration rate secondary to reduced
renal perfusion) stimulate the release of renin
into the circulation. The renin is formed within,
and released from, juxtaglomerular cells as-
sociated with afferent and efferent arterioles of
renal glomeruli, which are adjacent to the mac-
ula densa cells of distal tubule segments that
sense sodium chloride concentrations in the
distal tubule. Together, these components are
referred to as the juxtaglomerular apparatus.
Renin is an enzyme that acts upon an-
giotensinogen, a circulating substrate syn-

thesized and released by the liver, which un-
dergoes proteolytic cleavage to form the de-
capeptide angiotensin I. Vascular endothe-
lium, particularly in the lungs, has an enzyme,
angiotensin-converting enzyme (ACE),
that cleaves off two amino acids to form the
octapeptide, angiotensin II.

Angiotensin II has several important func-
tions that are mediated by specific angiotensin
IT receptors (AT,) (Figure 6-10). It

1. Constricts resistance vessels, thereby in-
creasing systemic vascular resistance and
arterial pressure.

2. Facilitates norepinephrine release from
sympathetic nerve endings and inhibits
norepinephrine re-uptake by nerve end-
ings, thereby enhancing sympathetic
adrenergic affects.

3. Acts upon the adrenal cortex to release al-
dosterone, which in turn acts upon the kid-
neys to increase sodium and fluid reten-
tion, thereby increasing blood volume.

4. Stimulates the release of vasopressin from
the posterior pituitary, which acts upon the
kidneys to increase fluid retention and
blood volume.

5. Stimulates thirst centers within the brain,
which can lead to an increase in blood vol-
ume.

6. Stimulates cardiac and vascular hypertrophy.
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FIGURE 6-10 Formation of angiotensin Il and its effects on renal, vascular, and cardiac function. Renin is released by
the kidneys in response to sympathetic stimulation, hypotension, and decreased sodium delivery to distal tubules.
Renin acts upon angiotensinogen to form angiotensin | (A/), which is converted to angiotensin Il (All) by angiotensin-
converting enzyme (ACE). All has several important actions: it stimulates aldosterone release, which increases renal
sodium reabsorption; directly stimulates renal sodium reabsorption; stimulates thirst; produces systemic vasocon-
striction; and causes cardiac and vascular smooth muscle hypertrophy. The overall systemic effect of increased All is
increased blood volume, venous pressure, and arterial pressure.

Angiotensin II is continuously produced
under basal conditions, and this production
can change under different physiologic condi-
tions. For example, when a person exercises,
circulating levels of angiotensin II increase.
An increase in renin release during exercise
probably results from sympathetic stimulation
of the kidneys. Changes in body posture like-
wise alter circulating AII levels, which are in-
creased when a person stands. As with exer-
cise, this results from sympathetic activation.
Dehydration and loss of blood volume (hypo-
volemia) stimulate renin release and an-
giotensin II formation in response to renal
artery hypotension, decreased glomerular fil-
tration rate, and sympathetic activation.

Several cardiovascular disease states are as-
sociated with changes in circulating an-
giotensin II. For example, secondary hyper-
tension caused by renal artery stenosis is
associated with increased renin release and
circulating angiotensin II. Primary hyperal-
dosteronism, caused by an adrenal tumor
that secretes large amounts of aldosterone, in-
creases arterial pressure through its effects on
renal sodium retention. This increases blood

volume, cardiac output, and arterial pressure.
In this condition, renin release and circulating
angiotensin II levels are usually depressed be-
cause of the hypertension. In heart failure,
circulating angiotensin II increases in re-
sponse to sympathetic activation and de-
creased renal perfusion. Therapeutic manipu-
lation of the renin-angiotensin-aldosterone
system has become important in treating hy-
pertension and heart failure. ACE inhibitors
and AT, receptor blockers effectively decrease
arterial pressure, ventricular afterload, blood
volume, and hence ventricular preload, and
they inhibit and reverse cardiac and vascular
remodeling that occurs during chronic hyper-
tension and heart failure.

Note that local, tissue-produced an-
giotensin may play a significant role in cardio-
vascular pathophysiology. Many tissues and
organs, including the heart and blood vessels,
can produce renin and angiotensin II, which
have actions directly within the tissue. This
may explain why ACE inhibitors can reduce
arterial pressure and cause cardiac and vascu-
lar remodeling (e.g., diminish hypertrophy)

even in individuals who do not have elevated
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circulating levels of angiotensin II. In hyper-
tension and heart failure, for example, tissue
ACE activity is often elevated, and this may be
the primary target for the pharmacologic ac-
tions of ACE inhibitors.

Atrial Natriuretic Peptide

Atrial natriuretic peptide (ANP) is a 28-amino
acid peptide that is synthesized, stored, and
released by atrial myocytes in response to
atrial distension, angiotensin II stimulation,
endothelin, and sympathetic stimulation (B-
adrenoceptor mediated). Therefore, elevated
levels of ANP are found during conditions
such as hypervolemia and congestive heart
failure, both of which cause atrial distension.

ANP is involved in the long-term regula-
tion of sodium and water balance, blood vol-
ume, and arterial pressure (Figure 6-11).
Most of its actions are the opposite of
angiotensin II, and therefore ANP is a
counter-regulatory system for the renin-
angiotensin-aldosterone system. ANP de-
creases aldosterone release by the adrenal
cortex; increases glomerular filtration rate;
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produces natriuresis and diuresis (potassium
sparing); and decreases renin release, thereby
decreasing angiotensin II. These actions re-
duce blood volume, which leads to a fall in
central venous pressure, cardiac output, and
arterial blood pressure. Chronic elevations of
ANP appear to decrease arterial blood pres-
sure primarily by decreasing systemic vascular
resistance.

The mechanism of systemic vasodilation
may involve ANP receptor-mediated eleva-
tions in vascular smooth muscle cGMP (ANP
activates particulate guanylyl cyclase). ANP
also attenuates sympathetic vascular tone.
This latter mechanism may involve ANP act-
ing upon sites within the central nervous sys-
tem as well as through inhibition of norepi-
nephrine release by sympathetic nerve
terminals.

A new class of drugs that are neutral en-
dopeptidase (NEP) inhibitors may be useful
in treating heart failure. By inhibiting NEP,
the enzyme responsible for the degradation of
ANP, these drugs elevate plasma levels of
ANP. NEP inhibition is effective in some
models of heart failure when combined with

NEP - Degradation
ANP —
J,Aldosterone

l Angiotensin | \

Diuresis

FIGURE 6-11 Formation and cardiovascular/renal actions of atrial natriuretic peptide (ANP). ANP, which is released
from cardiac atrial tissue in response to atrial distension, sympathetic stimulation, increased angiotensin I, and en-
dothelin, functions as a counter-regulatory mechanism for the renin-angiotensin-aldosterone system. ANP decreases
renin release, angiotensin Il and aldosterone formation, blood volume, central venous pressure, and arterial pressure.
NER neutral endopeptidase; GFR, glomerular filtration rate; CVR central venous pressure; CO, cardiac output; SVR,

systemic vascular resistance.
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A 56-year old male patient is found to have an arterial pressure of 190/115 mm Hg.
Two years earlier he was normotensive. Diagnostic tests reveal bilateral renal artery
stenosis. Describe the mechanisms by which this condition elevates arterial pressure.
Bilateral renal artery stenosis reduces the pressure within the afferent arterioles,
which causes release of renin. This, in turn, increases circulating angiotensin I, which
stimulates aldosterone release. Activation of the renin-angiotensin-aldosterone system
causes sodium and fluid retention by the kidneys and an increase in blood volume,
which increases cardiac output. Increased vasopressin (stimulated by angiotensin I1)
contributes to the increase in blood volume. Increased angiotensin Il increases systemic
vascular resistance by binding to vascular AT, receptors and by enhancement of sympa-
thetic activity. These changes in cardiac output and systemic vascular resistance lead to

a hypertensive state.

an ACE inhibitor. The reason for this is that
NEP inhibition, by elevating ANP, reinforces
the effects of ACE inhibition.

Brain-type natriuretic peptide (BNP), a 32-
amino acid peptide hormone related to ANP,
is synthesized and released by the ventricles in
response to pressure and volume overload,
particularly during heart failure. BNP appears
to have actions that are similar to those of
ANP. Recently, circulating BNP has been
shown to be a sensitive biomarker for heart
failure.

Vasopressin (Antidiuretic Hormone)

Vasopressin (arginine vasopressin, AVP; anti-
diuretic hormone, ADH) is a nonapeptide
hormone released from the posterior pituitary
(Figure 6-12). AVP has two principal sites of
action: the kidneys and blood vessels. The
most important physiologic action of AVP is
that it increases water reabsorption by the
kidneys by increasing water permeability in
the collecting duct, thereby permitting the
formation of concentrated urine. This is the
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FIGURE 6-12 Cardiovascular and renal effects of arginine vasopressin (AVP). AVP release from the posterior pituitary
is stimulated by angiotensin Il, hyperosmolarity, decreased atrial receptor firing (usually in response to hypovolemia),
and sympathetic activation. The primary action of AVP is on the kidney to increase water reabsorption (antidiuretic
effect), which increases blood volume and arterial pressure. AVP also has direct vasoconstrictor actions at high con-
centrations.
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antidiuretic property of AVP, and it leads to an
increase in blood volume and arterial blood
pressure. This hormone also constricts arterial
blood vessels; however, the normal physio-
logic concentrations of AVP are below its va-
soactive range. Studies have shown, neverthe-
less, that in severe hypovolemic shock, when
AVP release is very high, AVP contributes to
the compensatory increase in systemic vascu-
lar resistance.

Several mechanisms regulate the release
of AVP. Specialized stretch receptors within
the atrial walls and large veins (cardiopul-
monary baroreceptors) entering the atria de-
crease their firing rate when atrial pressure
falls (as occurs with hypovolemia). Afferents
from these receptors synapse within the hy-
pothalamus, which is the site of AVP synthe-
sis. AVP is transported from the hypothala-
mus via axons to the posterior pituitary, from
where it is secreted into the circulation. Atrial
receptor firing normally inhibits the release
of AVP. With hypovolemia and decreased
central venous pressure, the decreased firing
of atrial stretch receptors leads to an increase
in AVP release. AVP release is also stimulated
by enhanced sympathetic activity accompany-
ing decreased arterial baroreceptor activity
during hypotension. An important mecha-
nism regulating AVP release involves hypo-
thalamic osmoreceptors, which sense extra-
cellular osmolarity. When osmolarity rises, as
occurs during dehydration, AVP release is
stimulated. Finally, angiotensin II receptors
located within the hypothalamus regulate
AVP release; an increase in angiotensin II
stimulates AVP release.

Heart failure causes a paradoxical increase
in AVP. The increased blood volume and atrial
pressure associated with heart failure suggest
that AVP secretion should be inhibited, but it
is not. It may be that sympathetic and renin-
angiotensin system activation in heart failure
override the volume and low pressure cardio-
vascular receptors (as well as the osmoregula-
tion of AVP) and cause the increase in AVP se-
cretion. This increase in AVP during heart
failure may contribute to the increased sys-
temic vascular resistance and to renal reten-
tion of fluid.

In summary, the importance of AVP in car-
diovascular regulation is primarily through its
effects on volume regulation, which in turn af-
fects ventricular preload and cardiac output
through the Frank-Starling relationship.
Increased AVP, by increasing blood volume,
increases cardiac output and arterial pressure.
The vasoconstrictor effects of AVP are proba-
bly important only when AVP levels are very
high, as occurs during severe hypovolemia.

INTEGRATION OF NEUROHUMORAL
MECHANISMS

Autonomic and humoral influences are neces-
sary to maintain a normal arterial blood pres-
sure under the different conditions in which
the human body functions. Neurohumoral
mechanisms enable the body to adjust to
changes in body posture, physical activity, or
environmental conditions. The neurohumoral
mechanisms act through changes in systemic
vascular resistance, venous compliance, blood
volume, and cardiac function, and through
these actions they can effectively regulate ar-
terial blood pressure (Table 6-4). Although
each mechanism has independent cardiovas-
cular actions, it is important to understand
that each mechanism also has complex inter-
actions with other control mechanisms that
serve to reinforce or inhibit the actions of the
other control mechanisms. For example, acti-
vation of sympathetic nerves either directly or
indirectly increases circulating angiotensin II,
aldosterone, adrenal catecholamines, and
arginine vasopressin, which act together to in-
crease blood volume, cardiac output, and ar-
terial pressure. These humoral changes are
accompanied by an increase in ANP, which
actsas a counter—regulatory system to limit the
effects of the other neurohumoral mecha-
nisms.

Finally, it is important to note that some
neurohumoral effects are rapid (e.g., auto-
nomic nerves and catecholamine effects on
cardiac output and pressure), whereas others
may take several hours or days because
changes in blood volume must occur before
alterations in cardiac output and arterial pres-
sure can be fully expressed.
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TABLE 6-4 EFFECTS OF NEUROHUMORAL ACTIVATION ON BLOOD VOLUME,

CARDIAC OUTPUT AND ARTERIAL PRESSURE

INCREASED BLOOD VOLUME CARDIAC OUTPUT ARTERIAL PRESSURE
Sympathetic Activity T T T

Vagal Activity — 4 J
Circulating Epinephrine T T LT*
Angiotensin Il T T T
Aldosterone T T T

Atrial Natriuretic Peptide 4 \ 4
Arginine Vasopressin T T T

SUMMARY OF IMPORTANT
CONCEPTS

Autonomic regulation of the heart and vas-
culature is primarily controlled by special
regions within the medulla oblongata of the
brainstem that contain the cell bodies of
sympathetic and parasympathetic (vagal)
efferent nerves.

The hypothalamus plays an integrative role
by modulating medullary neuronal activity
(e.g., during exercise).

Sensory information from peripheral
baroreceptors (e.g., carotid sinus barore-
ceptors) synapse within the medulla at the
nucleus tractus solitarius, which modulates
the activity of the sympathetic and vagal
neurons within the medulla.
Preganglionic parasympathetic efferent
nerves exit the medulla as the tenth cranial
nerve and travel to the heart within the left
and right vagus nerves. Preganglionic fibers
synapse within ganglia located within the
heart; short postganglionic fibers innervate
the myocardial tissue. Preganglionic sym-
pathetic efferent nerves exit from the
spinal cord and synapse within paraverte-
bral or prevertebral ganglia before sending
out postganglionic fibers to target tissues in
the heart and blood vessels.

Sympathetic activation increases heart rate,
inotropy, and dromotropy through the re-
lease of norepinephrine, which binds pri-
marily to postjunctional cardiac B,-adreno-

T = increase; | = decrease. *dependent upon plasma epinephrine concentration.

ceptors. Norepinephrine released by sym-
pathetic nerves constricts blood vessels by
binding to postjunctional o, and oy-
adrenoceptors. The release of norepineph-
rine from sympathetic nerve terminals is
modulated by prejunctional a,-adrenocep-
tors, B,-adrenoceptors and muscarinic (M)
receptors.

Parasympathetic activation decreases heart
rate, inotropy, and dromotropy, and it pro-
duces vasodilation in specific organs
through the release of acetylcholine, which
binds to postjunctional muscarinic (M,) re-
ceptors.

Baroreceptors are mechanoreceptors that
respond to stretch induced by an increase
in pressure or volume. Arterial barorecep-
tor activity (e.g., carotid sinus and aortic
arch receptors) tonically inhibits sympa-
thetic outflow to the heart and blood ves-
sels, and it tonically stimulates vagal out-
flow to the heart. Decreased arterial
pressure, therefore, decreases the firing of
arterial baroreceptors, which leads to reflex
activation of sympathetic influences acting
on the heart and blood vessels and with-
drawal of the vagal activity to the heart.
Peripheral chemoreceptors (e.g., carotid
bodies) and central chemoreceptors (e.g.,
medullary chemoreceptors) respond to de-
creased pO, and pH or increased pCO, of
the blood. Their primarily function is to
regulate respiratory activity, although
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chemoreceptor activation generally leads
to activation of the sympathetic nervous
system to the vasculature, which increases
arterial pressure. Heart rate responses de-
pend upon changes in respiratory activity.

o Reflexes triggered by changes in blood vol-
ume, cerebral and myocardial ischemia,
pain, pulmonary activity, muscle and joint
movement, and temperature alter cardiac
and vascular function.

e Sympathetic activation of the adrenal
medulla stimulates the release of cate-
cholamines, principally epinephrine. This
hormone produces cardiac stimulation (via
B,-adrenoceptors), and it either decreases
(via vascular B,-adrenoceptors) or in-
creases (via vascular o; and a,-adrenocep-
tors) systemic vascular resistance, depend-
ing upon the plasma concentration.

e The renin-angiotensin-aldosterone system
plays a major role in regulating renal excre-
tion of sodium and water, and therefore it
strongly influences blood pressure through
changes in blood volume. Renin is released
by the kidneys in response to sympathetic
stimulation, hypotension, and decreased
sodium delivery to distal tubules. Renin
acts upon angiotensinogen to form an-
giotensin I, which is converted to an-
giotensin II (AII) by angiotensin-convert-
ing enzyme (ACE). AII has the following
actions: (1) it stimulates aldosterone re-
lease from the adrenal cortex, which in-
creases renal sodium reabsorption; (2) it
acts on renal tubules to increase sodium re-
absorption; (3) it stimulates thirst; (4) it
produces systemic vasoconstriction; (5) it
enhances sympathetic activity; and (6) it
produces cardiac and vascular hypertrophy.
The overall systemic effect of increased AII
is increased blood volume, venous pres-
sure, and arterial pressure.

 Atrial natriuretic peptide (ANP), which is
released by the atria primarily in response
to atrial stretch, functions as a counter-reg-
ulatory mechanism for the renin-an-
giotensin-aldosterone system. Therefore,
increased ANP reduces blood volume, ve-
nous pressure, and arterial pressure.

e Arginine vasopressin (AVP; antidiuretic
hormone), which is released by the poste-
rior pituitary when the body needs to re-
duce renal loss of water, enhances blood
volume and increases arterial and venous
pressures. At high plasma concentrations,
AVP constricts resistance vessels.

Please refer to the appendix for the answers

to the review questions.

For each question, choose the one best

answer:

1. The cell bodies for the preganglionic vagal
efferents innervating the heart are found
in which region of the brain?

a. Cortex

b. Hypothalamus

¢. Medulla

d. Nucleus tractus solitarius

2. Norepinephrine released by sympathetic
nerves

a. Binds preferentially to 8,-adreno-
ceptors on cardiac myocytes.

b. Constricts blood vessels by binding
to al-adrenoceptors.

c. Inhibits its own release by binding
to prejunctional B,-adrenoceptors.

d. Decreases renin release in the kid-
neys.

3. Stimulating efferent fibers of the right va-

gus nerve
a. Decreases systemic vascular resis-
tance.

b. Increases atrial inotropy.

c. Increases heart rate.

d. Releases acetylcholine, which binds
to M, receptors.

4. A sudden increase in carotid artery pressure

a. Decreases carotid sinus barorecep-
tor firing rate.

b. Increases sympathetic efferent nerve
activity to systemic circulation.

c. Increases vagal efferent activity to
the heart.

d. Results in reflex tachycardia.
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5. Which of the following can cause tachy-
cardia?
a. Face submersion in cold water
b. Increased blood pCO,
c. Increased firing of carotid sinus
baroreceptors
d. Vasovagal reflex

6. Infusion of a low-to-moderate dose of epi-
nephrine following pharmacologic block-
ade of B-adrenoceptors will

a. Decrease mean arterial pressure.

b. Have no significant cardiovascular
effects.

c. Increase heart rate.

d. Increase systemic vascular resis-
tance.

7. In an experimental protocol, intravenous
infusion of acetylcholine was found to de-
crease mean arterial pressure and increase
heart rate. These results can best be ex-
plained by

a. Direct action of acetylcholine on
muscarinic receptors at the sinoatrial
node.

b. Increased firing of carotid sinus
baroreceptors.

c. Reflex activation of sympathetic
nerves.

d. Reflex systemic vasodilation.

8. An increase in circulating angiotensin II
concentrations
a. Depresses sympathetic activity.
b. Increases blood volume.
c. Inhibits aldosterone release.
d. Inhibits the release of atrial natri-
uretic peptide.

9. Atrial natriuretic peptide
a. Enhances renal sodium retention.
b. Increases renin release.
c. Inhibits the release of aldosterone.
d. Increases blood volume and cardiac
output.
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LEARNING OBJECTIVES

Understanding the concepts presented in this chapter will enable the student to:

1.
2.

Describe the distribution of cardiac output among major organs when a person is at rest.
Describe how each of the following tissue factors influences blood flow: adenosine, inor-
ganic phosphate, potassium ion, carbon dioxide, hydrogen ion, tissue partial pressure of

oxygen, and paracrine hormones such as histamine, prostaglandins, and bradykinin.

. Describe how each of the following endothelial factors influences local blood flow: nitric

oxide, endothelial-derived hyperpolarizing factor, endothelin-1, and prostacyclin.

. Explain how extravascular compression alters blood flow in the heart and contracting

skeletal muscle.

. Define autoregulation of blood flow, reactive hyperemia and active (functional) hyperemia.
. Describe and contrast the local regulatory mechanisms that may be involved in autoregula-

tion, reactive hyperemia, and active hyperemia in major vascular beds of the body (coro-
nary, cerebral, skeletal muscle, cutaneous, splanchnic, renal, and pulmonary circulations).

. Compare and contrast autonomic control of blood flow in major vascular beds of the body.
. Describe the specialized vascular anatomy in the following organs: brain, heart, intestines

and liver, skin, kidneys, and lungs.
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INTRODUCTION

This chapter describes the blood flow to dif-
ferent organs of the body. The first part of the
chapter emphasizes local regulatory mecha-
nisms by which organs regulate their own
blood flow to meet the metabolic and func-
tional requirements of the organ. The second
part of the chapter examines blood flow in
specific organs of the body.

DISTRIBUTION OF CARDIAC OUTPUT

We have previously seen that arterial pressure
is generated as the heart pumps blood into the
systemic circulation. This arterial pressure
serves as the driving force for blood flow to all
the organ systems. The relative distribution of
blood flow to the organs is regulated by the
vascular resistance of the individual organs,
which is influenced by extrinsic (neurohu-
moral) and intrinsic (local regulatory) mecha-
nisms as summarized in Chapter 5, Figure 5-9.

Table 7-1 summarizes the distribution of
cardiac output when a person is at rest. Most
of the cardiac output (approximately 80%)
goes to the gastrointestinal tract, kidneys,
skeletal muscle, heart and brain, although
these organs make up less than 50% of the
body mass. This relative distribution of car-

diac output, however, changes greatly de-
pending on environmental conditions and the
state of physical activity. For example, in a hot,
humid environment, the relative blood flow to
the skin increases substantially as the body at-
tempts to maintain its core temperature by
losing heat to the environment. When a per-
son exercises, the increased cardiac output
primarily goes to the active skeletal muscles,
heart, and skin (see Chapter 9); at the same
time, blood flow decreases to the gastroin-
testinal and renal circulations. Another exam-
ple of change in cardiac output distribution
occurs following a large meal, when blood
flow to the gastrointestinal circulation in-
creases.

Instead of one “normal” blood flow for an
organ, there is a range of blood flows. Basal
flow refers to the flow that is measured under
basal conditions (i.e., when a person is in a
fasted, resting state and at normal environ-
mental conditions of temperature and humid-
ity). The ratio of basal flow to maximal flow is
a measure of the vascular tone, which is the
degree of vascular constriction (see Chapter
5). The lower the basal flow relative to the
maximal flow, the higher the vascular tone.
The difference between basal flow and maxi-
mal flow represents the flow capacity or va-
sodilator reserve for the organ. Most organs

TABLE 7-1 BLOOD FLOW IN MAJOR ORGANS OF THE BODY

PERCENT BODY

PERCENT CARDIAC

NORMAL FLOW MAXIMAL FLOW

ORGAN WEIGHT OUTPUT AT REST  (ML/MIN PER 100 G)  (ML/MIN PER 100 G)
Heart 0.4 5 80 400

Brain 2 14 55 150
Skeletal muscle 40 18 3 60

Skin 4 10 150
Stomach, intestine, 23 30 250

liver, spleen, pancreas

Kidneys 0.4 20 400 600
Other 48 16 - -

Normal and maximal flows are approximate values for the whole organ. Many organs (e.g., brain, muscle, kidney,
and intestine) have considerable heterogeneity of flow within the organ depending on the type of tissue or region
of organ being perfused. The liver receives blood flow from the gastrointestinal venous drainage as well as from the
hepatic artery (only hepatic artery flow is included in this table). “Other” includes reproductive organs, bone, fat,

and connective tissue.



have a relatively large vasodilator reserve,
whereas others, such as the kidneys, have a
relatively small vasodilator reserve (see Table
7-1).

The changes that occur in organ blood flow
under different conditions depend on the in-
terplay between neurohumoral and local reg-
ulatory mechanisms that govern vascular re-
sistance. The neurohumoral mechanisms
were discussed in Chapter 6. The following
sections focus on the local regulatory mecha-
nisms that affect vascular resistance and organ

blood flow.

LOCAL REGULATION
OF BLOOD FLOW

Tissues and organs have the ability to regulate,
to a varying degree, their own blood flow. This
intrinsic ability to regulate blood flow is
termed “local regulation” and can occur in the
complete absence of any extrinsic neurohu-
moral influences. For example, if a muscle is
removed from the body, perfused under con-
stant pressure with an oxygenated salt solu-
tion, and then electrically stimulated to in-
duce muscle contractions, the blood flow
increases. The increase in blood flow occurs in
the absence of neurohumoral influences, and
therefore is a local or intrinsic mechanism.

Paracrine-
Releasing Cell
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The mechanisms responsible for local reg-
ulation originate from within the blood vessels
(e.g., endothelial factors, myogenic mecha-
nisms) and from the surrounding tissue (i.e.,
tissue factors), many of which are related to
tissue metabolism or other biochemical path-
ways (e.g., arachidonic acid metabolites and
bradykinin). Mechanical factors (e.g., com-
pressive forces during muscle contraction) can
also influence vascular resistance and thereby
alter blood flow.

Tissue Factors

Tissue factors are substances produced by the
tissue surrounding blood vessels (Fig. 7-1).
These substances act on the blood vessel to
produce either relaxation or contraction of the
smooth muscle, thereby altering resistance
and blood flow. In some cases, these sub-
stances indirectly act on the vascular smooth
muscle by affecting endothelial function or by
altering the release of norepinephrine by sym-
pathetic nerves. Some of these vasoactive sub-
stances are tissue metabolites that are prod-
ucts of cellular metabolism or activity (e.g.,
adenosine, CO,, H", K, lactate). In addition,
different cell types surrounding blood vessels
can release vasoactive substances referred to
as local, paracrine hormones (e.g., histamine,

Cellular
Metabolism

1 pO,
Histamine .
n Paracrine — Ado
Bradykinin Hormones ) Vasodilator PO,
. 4
Prostaglandins Substances Lactate
\> / CO2
+ - K+
Ht+
Arteriole

FIGURE 7-1 Vasoactive substances derived from tissue cells around arterioles. Increased tissue metabolism leads to
formation of metabolites that dilate (-) nearby arterioles. Increased oxygen consumption decreases the tissue partial
pressure of oxygen (pO.), which dilates arterioles. Some cells release locally acting, paracrine hormones (or their pre-
cursors), which can either constrict (+) or dilate (-) arterioles. Ado, adenosine; PO,, inorganic phosphate; CO,, car-

bon dioxide; K*, potassium ion; H*, hydrogen ion.
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bradykinin, and prostaglandins). A paracrine
hormone is a substance released by one cell
that acts on another nearby cell by diffusing
through the interstitial fluid. This is in con-
trast to endocrine hormones that circulate
in the blood to reach distant target cells or au-
tocrine substances that affect the same cell
from which they are released.

Increases or decreases in metabolism alter
the release of some of these vasoactive sub-
stances; thus, metabolic activity is closely cou-
pled to blood flow in most organs of the body.
For example, an increase in tissue metabo-
lism, as occurs during muscle contraction or
during changes in neuronal activity in the
brain, leads to an increase in blood flow.
Extensive evidence shows that the actively
metabolizing cells surrounding arterioles re-
lease vasoactive substances that cause vasodi-
lation. This is termed the metabolic theory
of blood flow regulation. These vasoactive
substances, which are linked to tissue metab-
olism, ensure that the tissue is adequately sup-
plied by oxygen and that products of metabo-
lism (e.g., CO,, H", lactic acid) are removed.
Several substances have been implicated in
metabolic regulation of blood flow. Their rela-
tive importance depends on the tissue in
which they are formed as well as different
conditions that might cause their release.

1. Adenosine is a potent vasodilator in most
organs (although adenosine constricts renal
vessels). It is formed by the action of 5’-nu-
cleotidase, an enzyme that dephosphory-
lates cellular adenosine monophosphate
(AMP). The AMP is derived from hydroly-
sis of intracellular adenosine triphosphate
(ATP) and adenosine diphosphate (ADP).
Adenosine formation increases during hyp-
oxia and increased oxygen consumption,
both of which lead to increased ATP hy-
drolysis. Small amounts of ATP hydrolysis
can lead to large increases in adenosine for-
mation because intracellular concentra-
tions of ATP are about a thousand-fold
greater than adenosine concentrations.
Experimental evidence supports the idea
that adenosine formation is a particularly
important mechanism for regulating coro-

nary blood flow when myocardial oxygen
consumption increases or during hypoxic
conditions.

. Inorganic phosphate is released by the

hydrolysis of adenine nucleotides (ATP,
ADP, and AMP). Inorganic phosphate may
have some vasodilatory activity in contract-
ing skeletal muscle, but its importance is
far less than that of adenosine, potassium,
and nitric oxide in regulating skeletal mus-

cle blood flow.

. Carbon dioxide formation increases dur-

ing states of increased oxidative metabo-
lism. CO, concentrations in the tissue and
vasculature can also increase when blood
flow is reduced, which reduces the washout
of CO,. As a gas, CO, readily diffuses from
parenchymal cells to the vascular smooth
muscle of blood vessels, where it causes va-
sodilation. Considerable evidence indicates
that CO, plays a significant role in regulat-
ing cerebral blood flow through the forma-
tion of H™.

. Hydrogen ion increases when CO, in-

creases or during states of increased anaer-
obic metabolism (e.g., during ischemia or
hypoxia) when acid metabolites such as lac-
tic acid are produced. Increased H* causes
local vasodilation, particularly in the cere-
bral circulation.

. Potassium ion is released by contracting

cardiac and skeletal muscle. Muscle con-
traction is initiated by membrane depolar-
ization, which results from a cellular influx
of Na* and an efflux of K*. Normally, the
Na®/K*-ATPase pump is able to restore
the ionic gradients (see Chapter 2); how-
ever, the pump does not keep up with
rapid depolarizations (i.e., there is a time
lag) during muscle contractions, and a
small amount of K* accumulates in the ex-
tracellular space. Small increases in extra-
cellular K* around blood vessels cause hy-
perpolarization of the vascular smooth
muscle cells, possibly by stimulating the
electrogenic Na*/K*-ATPase pump and
increasing K* conductance through potas-
sium channels. Hyperpolarization leads to
smooth muscle relaxation. Potassium ion
appears to play a significant role in caus-



ing the increase in blood flow in contract-
ing skeletal muscle.

6. Oxygen levels within the blood vessel and
surrounding tissue are also important in lo-
cal regulation of blood flow. Decreased tis-
sue partial pressure of oxygen (pO,) result-
ing from reduced oxygen supply or
increased oxygen utilization by tissues
causes vasodilation. Hypoxia-induced va-
sodilation may be direct (inadequate O, to
sustain smooth muscle contraction) or indi-
rect via the production of vasodilator
metabolites (e.g., adenosine, lactic acid,
H*). Although hypoxia causes vasodilation
in nearly all vascular beds, there is a no-
table exception—it causes vasoconstriction
in the pulmonary circulation.

7. Osmolarity changes in the blood and in
the tissue interstitium have been impli-
cated in local blood flow regulation. It is
well known that intra-arterial infusions of
hyperosmolar solutions can produce va-
sodilation. The molecules making up the
hyperosmolar solution need not be vasoac-
tive. Tissue ischemia and increased meta-
bolic activity raise the osmolarity of the tis-
sue interstitial fluid and venous blood.
Therefore, it has been suggested that non-
specific changes in osmolarity may play a
role in the regulation of blood flow.

Several tissue factors involved in regulat-
ing blood flow are not directly coupled to tis-
sue metabolism. These include paracrine
hormones such as histamine, bradykinin, and
products of arachidonic acid (eicosanoids).
Histamine, released by tissue mast cells
in response to injury, inflammation, and al-
lergic responses, causes arteriolar vasodila-
tion, venous constriction in some vascular
beds, and increased capillary permeability.
Both H, and H, histamine receptors are in-
volved in the vascular effects of histamine.
Bradykinin is formed from the action of
kallikrein (a proteolytic enzyme) acting on al-
pha,-globulin (kininogen), which is found in
blood and tissues. Like histamine, bradykinin
is a powerful dilator of arterioles. It acts on
vascular bradykinin receptors, which stimu-
late nitric oxide formation by the vascular
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endothelium, thereby producing vasodila-
tion. In addition, bradykinin stimulates
prostacyclin formation, which produces va-
sodilation. One of the enzymes responsible
for breaking down bradykinin is angiotensin-
converting enzyme (ACE) (see Chapter 6,
Fig. 6-10). Therefore, ACE inhibition not
only decreases angiotensin II, it also in-
creases bradykinin, which is believed to be
partly responsible for the vasodilation ac-
companying ACE inhibition. Arachidonic
acid metabolites such as prostacyclin
(PGL,) and prostaglandin E, (PGE,) are va-
sodilators, whereas other eicosanoids such as
PGF,,, thromboxanes, and leukotrienes are
generally vasoconstrictors. Drugs that block
the formation of these eicosanoids (e.g., cy-
clo-oxygenase inhibitors such as aspirin or
ibuprofen) alter vascular control by these
substances.

Endothelial Factors

The vascular endothelium serves an impor-
tant paracrine role in the regulation of
smooth muscle tone and organ blood flow.
As described in Chapter 3, the vascular en-
dothelium produces vasoactive substances
that have significant effects on vascular
smooth muscle. Circulating (endocrine) and
paracrine hormones, shearing forces, hypoxia,
and many different drugs can stimulate the
formation and release of endothelial sub-
stances (Fig. 7-2). Among their many actions,
two of these substances, nitric oxide and
prostacyclin, are powerful vasodilators, (see
Nitric Oxide and Prostaglandins in Chapter 3
on CD). In contrast, endothelin-1 is a pow-
erful vasoconstrictor [see CD3 — endothelin].
Although all three of these endothelial-de-
rived substances have important actions on
the vascular smooth muscle, nitric oxide ap-
pears to be the most important in terms of
regulating blood flow under normal physio-
logic conditions. If nitric oxide synthesis is in-
hibited pharmacologically using nitric oxide
synthase (NOS) inhibitors, vasoconstriction
occurs in most vascular beds. This demon-
strates that there normally is a basal release of
nitric oxide that inhibits vascular tone; there-
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FIGURE 7-2 Endothelial-derived vasoactive factors.
Nitric oxide (NO) formed by nitric oxide synthase (NOS)
acting on L-arginine (L-arg), endothelial-derived hyper-
polarizing factor (EDHF), and prostacyclin (PG/,) derived
from arachidonic acid (AA) inhibit (-) smooth muscle
contraction and cause vasodilation. Endothelin-1 (E7-7)
formed by endothelin-converting enzyme (ECE) causes
smooth muscle contraction (+). The formation and re-
lease of these substances are influenced by circulating
and paracrine hormones, shearing forces acting on the
endothelium, hypoxia, and many different drugs.

fore, blocking nitric oxide formation leads to
an increase in tone.

Nitric oxide is involved in what is termed
flow dependent vasodilation. Experimental
studies have shown that an increase in vessel
flow (actually an increase in shearing forces
acting on the vascular endothelium) stimulates
endothelial nitric oxide production, which
causes vasodilation. Flow-dependent vasodila-
tion is particularly important as a mechanism
for increasing coronary blood flow when car-
diac activity and metabolism are increased.
Impaired nitric oxide synthesis or decreased
bioavailability, as occurs during coronary artery
disease, limits the ability of coronary blood
flow to increase when cardiac activity and oxy-
gen demand are increased. Other disorders
such as hypertension, cerebrovascular disease,
and diabetes are associated with impaired en-
dothelial control of vascular function as well.

Another endothelial factor is endothelial-
derived hyperpolarizing factor (EDHF).
Some substances (e.g., acetylcholine,

bradykinin) that stimulate nitric oxide produc-
tion stimulate EDHF as well. The identity of
this factor is not known for certain, but its re-
lease causes smooth muscle hyperpolarization
and relaxation.

Smooth Muscle (Myogenic)
Mechanisms

Myogenic mechanisms originate within the
smooth muscle of blood vessels, particularly in
small arteries and arterioles. When the lumen
of a blood vessel is suddenly expanded, as oc-
curs when intravascular pressure is suddenly
increased, the smooth muscle responds by
contracting in order to restore the vessel di-
ameter and resistance. Conversely, a reduc-
tion in intravascular pressure results in
smooth muscle relaxation and vasodilation.
Electrophysiologic studies have shown that
vascular smooth muscle cells depolarize when
stretched, leading to contraction.

Myogenic behavior has not been observed
in all vascular beds, but it has been noted in
the intestinal and renal circulations, and may
be present to a small degree in skeletal mus-
cle. It is difficult to evaluate myogenic mech-
anisms in vivo because changes in pressure
are usually associated with changes in flow
that trigger metabolic mechanisms, which
usually dominate over myogenic mechanisms.
For example, increasing venous pressure to a
vascular bed should activate myogenic mech-
anisms to produce vasoconstriction because
elevated venous pressures are transmitted
back to the precapillary resistance vessels;
however, the reduction in blood flow associ-
ated with the increase in venous pressure
(which reduces perfusion pressure) activates
tissue metabolic mechanisms that cause va-
sodilation. In most organs, conducting such an
experiment usually results in vasodilation be-
cause the metabolic vasodilator response
overrides the myogenic vasoconstrictor re-
sponse, if present.

Extravascular Compression

Mechanical compressive forces can affect vas-
cular resistance and blood flow within organs.



Sometimes this occurs during normal physio-
logic conditions; at other times, compressive
forces can be the result of pathologic mecha-
nisms. The pressure that distends the wall of a
blood vessel is the transmural pressure (inside
minus outside pressure). Therefore, if the
pressure outside of the vessel increases, then
the transmural pressure decreases. At very
high extravascular pressures, a vessel can
completely collapse. Therefore, veins, which
have a relatively low intravascular pressure,
are more likely to collapse when extravascular
pressure is elevated; however, arteries can also
become significantly compressed when ex-
travascular pressure is elevated to very high
levels.

Several examples of mechanical compres-
sion affecting organ blood flow exist. During
cardiac systole or skeletal muscle contraction
(particularly tetanic contractions), vascular re-
sistance is greatly increased and blood flow is
impeded by mechanical compression. Lung
inflation and deflation alter pulmonary vascu-
lar transmural pressures (see Fig. 5-12) and
thereby have substantial effects on pulmonary
vascular resistance. Excessive distension of
the gastrointestinal tract can increase vascular
resistance to the point at which tissues be-
come ischemic. Blood vessels in organs such
as the brain or kidneys, which are surrounded
by a rigid cranium or capsule, are particularly
susceptible to increases in extravascular pres-
sure that occur with edema, vascular hemor-
rhage (e.g., cerebral stroke), or the growth of
a tumor.

Autoregulation of Blood Flow

Autoregulation is the intrinsic ability of an
organ to maintain a constant blood flow de-
spite changes in perfusion pressure. For ex-
ample, if perfusion pressure is decreased to an
organ by partial occlusion of the artery sup-
plying the organ, blood flow will initially fall,
then return toward normal levels over the
next few minutes. This autoregulatory re-
sponse occurs in isolated, perfused organs,
which are not subject to neural or humoral in-
fluences. Therefore, it is a local or intrinsic re-
sponse of the organ.
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When perfusion pressure (arterial — venous
pressure; P, — Py) initially decreases, blood
flow (F) falls because of the following rela-
tionship between pressure, flow, and resis-
tance (R):

(PA — Pv)
R

The reductions in flow and perfusion pres-
sure are thought to activate metabolic or myo-
genic mechanisms that cause arteriolar va-
sodilation and a fall in resistance (R). As
resistance decreases, blood flow increases de-
spite the presence of a reduced perfusion
pressure. This autoregulatory response is
shown in the left panel of Figure 7-3. For ex-
ample, if perfusion pressure is reduced from
100 mm Hg to 70 mm Hg, it causes flow to
decrease initially by approximately 30%. Over
the next few minutes, however, flow begins to
increase back toward control as the organ
blood flow is autoregulated (red lines). Blood
flow increases because vascular resistance falls
as the resistance vessels dilate.

If the perfusion pressure to an organ is in-
creased and decreased over a wide range of
pressures and the steady-state autoregulatory
flow response is measured, then the relation-
ship between steady-state flow and perfusion
pressure can be plotted as shown in the right
panel of Figure 7-3. The red line represents
the autoregulatory range in which flow
changes relatively little despite a large change
in perfusion pressure. The “flatness” of the au-
toregulation curve varies considerably among
organs; the flatter the relationship, the better
the autoregulation. Coronary, cerebral, and
renal circulations show a high degree of au-
toregulation, whereas skeletal muscle and gas-
trointestinal circulations show only a moder-
ate degree of autoregulation. The cutaneous
circulation displays virtually no autoregula-
tion.

Autoregulation has limits even in organs
that display a high degree of autoregulation.
When the perfusion pressure falls below
60-70 mm Hg in the cerebral and coronary
circulations, the resistance vessels become
maximally dilated and their ability to autoreg-
ulate is lost. Furthermore, at very high perfu-
sion pressures (approximately 170 mm Hg in

F =
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FIGURE 7-3 Autoregulation of blood flow. The left panel shows that decreasing perfusion pressure from 100 mm Hg
to 70 mm Hg at point A results in a transient decrease in flow. If no autoregulation occurs, resistance remains un-
changed and flow remains decreased. With autoregulation (red line), the initial fall in pressure leads to a decrease in
vascular resistance, which causes flow to increase to a new steady-state level despite the reduced perfusion pressure
(point B). The right panel shows steady-state, autoregulatory flows plotted against different perfusion pressures.
Points A and B represent the control flow and autoregulatory steady-state flow, respectively, from the left panel. The
autoregulatory range is the range of pressures over which flow shows little change. Below or above the autoregula-
tory range, flow changes are approximately proportional to the changes in perfusion pressure. The autoregulatory
range as well as the flatness of the autoregulatory response curve varies among organs.

Fig. 7-3), the upper limit of the autoregulatory
range is reached and the vessels undergo no
further constriction with increases in perfu-
sion pressure; therefore, flow increases as
pressure increases. The autoregulatory re-
sponse can be modulated by neurohumoral
influences and disease states. For example,
sympathetic stimulation and chronic hyper-
tension can shift the cerebral autoregulatory
range to the right as described later in this
chapter.

Autoregulation may involve both metabolic
and myogenic mechanisms. If the perfusion
pressure to an organ is reduced, the initial fall
in blood flow leads to a fall in tissue pO, and
the accumulation of vasodilator metabolites.
These changes cause the resistance vessels to
dilate in an attempt to restore normal flow. A
reduction in perfusion pressure may also be
sensed by the smooth muscle in resistance
vessels, which responds by relaxing (myogenic
response), leading to an increase in flow.

Under what conditions does autoregulation
occur, and why is it important? In hypotension
caused by blood loss, despite baroreceptor re-
flexes that lead to constriction of much of the
systemic vasculature, blood flow to the brain
and myocardium will not decline appreciably

(unless the arterial pressure falls below the
autoregulatory range). This is because of the
strong capacity of these organs to autoregulate
and their ability to escape sympathetic vaso-
constrictor influences. The autoregulatory re-
sponse helps to ensure that these critical or-
gans have an adequate blood flow and oxygen
delivery even in the presence of systemic hy-
potension.

Other situations occur in which systemic
arterial pressure does not change, but in
which autoregulation is very important never-
theless. Autoregulation can occur when a dis-
tributing artery (e.g., coronary artery) to an
organ becomes partially occluded. This arte-
rial stenosis increases resistance and the pres-
sure drop along the vessel length. This re-
duces pressure in small distal arteries and
arterioles, which are the primary vessels for
regulating blood flow within an organ. These
resistance vessels dilate in response to the re-
duced pressure and blood flow caused by the
upstream  stenosis. This autoregulatory re-
sponse helps to maintain normal blood flow in
the presence of upstream stenosis, and it is
particularly important in organs such as the
brain and heart in which partial occlusion of
large arteries can lead to significant reductions
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PROBLEM 7-1

An experiment was conducted using an isolated perfused organ (e.g., intestinal seg-
ment) in which arterial and venous pressures were controlled while blood flow was
measured. When venous pressure was suddenly raised from 0 mm Hg to 15 mm Hg
while arterial pressure was maintained at 100 mm Hg, flow decreased by 25%.
Calculate the percentage change that occurred in vascular resistance in response to ve-
nous pressure elevation. Discuss the involvement of metabolic and myogenic mecha-
nisms in this response.

The initial perfusion pressure was 100 mm Hg (mean arterial pressure minus venous
pressure). Elevating the venous pressure to 15 mm Hg reduced the perfusion pressure
to 85 mm Hg. According to the equation relating blood flow, perfusion pressure and
vascular resistance (F = AP/R), flow would decrease by 15% with a 15% decrease in
perfusion pressure (assuming that resistance does not change). However, in this case,
flow decreased by 25% indicating that resistance increased by 13.3% (R = AP/F). The
metabolic theory for autoregulation states that as perfusion pressure and flow are re-
duced, an accumulation of vasodilator metabolites decreases resistance in an attempt
to restore flow; however, resistance did not decrease in this experiment. The myogenic
theory states that increased transmural pressure causes vascular smooth muscle to con-
tract, thereby increasing resistance and decreasing flow. Increasing venous pressure in
this experiment increased the transmural pressure in arterioles, causing them to con-
strict and increase their resistance. Therefore, increasing venous pressure produces op-
posite and competing responses between these two mechanisms. Because vascular
resistance increased in this experiment, we can conclude that the myogenic (vasocon-
strictor) mechanism was dominant over the metabolic (vasodilator) mechanism. These

results have been observed experimentally in organs such as the intestine.

in oxygen delivery, thereby leading to tissue
hypoxia and organ dysfunction.

Reactive and Active Hyperemia

Reactive hyperemia is the transient increase
in organ blood flow that occurs following a
brief period of ischemia, usually produced by
temporary arterial occlusion. Figure 7-4
shows the effects of a 2-minute arterial occlu-
sion on blood flow. During the occlusion pe-
riod, blood flow goes to zero. When the occlu-
sion is released, blood flow rapidly increases
above normal levels (hyperemia) that lasts for
several minutes. In most tissues, experiments
have suggested that the hyperemia occurs be-
cause during the occlusion period, tissue hyp-
oxia and a build-up of vasoactive metabolites
dilate arterioles and decrease vascular resis-
tance. When the occlusion is released and
perfusion pressure is restored, flow becomes
elevated because of the reduced vascular re-

Reactive Hyperemia
Excess Flow
Flow No
Flow
T T T
0 2 4 6
Time (min)

FIGURE 7-4 Reactive hyperemia. Arterial occlusion
(ischemia) followed by reperfusion results in a transient
increase in blood flow (reactive hyperemia). The magni-
tude and duration of the reactive hyperemia are directly
related to the duration of ischemia.

sistance. During the hyperemia, oxygen be-
comes replenished and vasodilator metabo-
lites are washed out of the tissue, causing
the resistance vessels to regain their normal
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vascular tone and thereby return flow to nor-
mal levels. The longer the period of occlusion,
the greater the metabolic stimulus for vasodi-
lation leading to increases in peak flow and
duration of hyperemia. Maximal vasodilation,
as indicated by a maximal peak hyperemic
flow, may occur following less than one
minute of complete arterial occlusion, or it
may require several minutes of occlusion de-
pending on the vascular bed and its metabolic
activity. For example, in the beating heart
(high metabolic activity), maximal reactive hy-
peremic responses are seen with coronary oc-
clusions of less than one minute, whereas in
resting skeletal muscle (low metabolic activ-
ity), several minutes of ischemia are necessary
to elicit a maximal vasodilator response.
Myogenic mechanisms may also contribute to
reactive hyperemia in some tissues because
arterial occlusion decreases the pressure in
arterioles, which can lead to myogenic-
mediated vasodilation.

Several examples of reactive hyperemia ex-
ist. The application of a tourniquet to a limb,
and then its removal, results in reactive hy-
peremia. During surgery, arterial vessels are
often clamped for a period of time; release of
the arterial clamp results in reactive hyper-
emia. Transient coronary artery occlusions
(e.g., coronary vasospasm) result in subse-
quent reactive hyperemia within the myo-
cardium supplied by the coronary vessel.

Active or Functional
Hyperemia

Flow

A

Increased
Metabolism

0 2 4 6
Time (min)

Active hyperemia is the increase in organ
blood flow that is associated with increased
metabolic activity of an organ or tissue. With
increased metabolic activity, vascular resis-
tance decreases owing to vasodilation and vas-
cular recruitment (particularly in skeletal mus-
cle). Active hyperemia occurs during muscle
contraction (also termed exercise or func-
tional hyperemia), increased cardiac activity,
increased mental activity, and increased gas-
trointestinal activity during food absorption.

In Figure 7-5, the left panel shows the ef-
fects of increasing tissue metabolism for 2
minutes on mean blood flow in a rhythmically
contracting skeletal muscle. Within seconds of
initiating contraction and the increase in
metabolic activity, blood flow increases. The
vasodilation is thought to be owing to a com-
bination of tissue hypoxia and the generation
of vasodilator metabolites such as potassium
ion, carbon dioxide, nitric oxide, and adeno-
sine. This increased blood flow (i.e., hyper-
emia) is maintained throughout the period of
increased metabolic activity and then subsides
as normal metabolism is restored. The ampli-
tude of the active hyperemia is closely related
to the increase in metabolic activity (e.g., oxy-
gen consumption) as shown in the right panel.
At high levels of metabolic activity, the vascu-
lature becomes maximally dilated, resulting in
a maximal increase in blood flow. Active hy-
peremia is important because it increases OXY-

Steady-State Flow

Metabolic Activity

FIGURE 7-5 Active hyperemia. The left panel shows that increasing metabolism for 2 minutes transiently increases
blood flow (active or functional hyperemia). The right panel shows that the steady-state increase in blood flow dur-
ing active hyperemia is directly related to the increase in metabolic activity until the vessels become maximally dilated

and flow can no longer increase.



gen delivery to tissues at a time of increased
oxygen demand. Furthermore, the increased
blood flow enhances the removal of metabolic
waste products from the tissue.

The vasodilatory capacity during active hy-
peremia differs considerably among organs.
In skeletal muscle, blood flow can increase
more than twenty- to fifty-fold during exer-
cise. Cerebral blood flow, in contrast, in-
creases no more than two-fold at maximal
metabolic activity. The reason for this differ-
ence is that resting skeletal muscle has a high
degree of vascular tone in contrast to the cere-
bral circulation, which has a relatively low de-
gree of vascular tone because of its higher
metabolic rate under basal conditions.

SPECIAL CIRCULATIONS

Coronary Circulation

The two major branches of the coronary cir-
culation are the left main and right main coro-
nary arteries (Fig. 7-6). These vessels arise
from coronary ostia, which are small openings

Right Main
Coronary Artery

Right
Ventricle

IVC
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in the wall of the ascending aorta just distal to
the aortic valve. The left main coronary
artery is relatively short in length (~1 cm).
After coursing behind the pulmonary artery
trunk, it divides into the left anterior de-
scending artery, which travels along the in-
terventricular groove on the anterior surface
of the heart, and the circumflex artery,
which travels posteriorly along the groove be-
tween the left atrium and ventricle. These
branches of the left coronary artery supply
blood primarily to the left ventricle and
atrium. The right main coronary artery
travels between the right atrium and ventricle
(left atrioventricular groove) toward the pos-
terior regions of the heart. This vessel and its
branches serve the right ventricle and atrium,
and in most individuals, the inferoposterior
region of the left ventricle. Significant varia-
tion is possible among individuals in the
anatomical arrangement and distribution of
flow by the coronary vessels.

The major coronary vessels lie on the
epicardial surface of the heart and serve as
low-resistance distribution vessels. These

Left Main
Coronary Artery
Circumflex Artery

Left Anterior
Descending Artery

Left
Ventricle

FIGURE 7-6 Anterior view of the heart showing the major coronary arteries. The left main artery arises from the aorta
(Ao) just distal to the aortic valve, travels behind the pulmonary artery (PA), and then branches into the circumflex
artery (courses along the left atrioventricular groove) and left anterior descending artery (courses along the interven-
tricular groove), both of which primarily supply blood to the left ventricle. The right coronary artery arises from the
aorta and travels between the right atrium and ventricle toward the posterior regions of the heart to supply the right
ventricle and atrium and the inferoposterior wall of the left ventricle. SVC, superior vena cava; /VC, inferior vena cava.
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epicardial arteries give off smaller branches
that dive into the myocardium and become
the microvascular resistance vessels that regu-
late coronary blood flow. The resistance ves-
sels give rise to a dense capillary network so
that each cardiac myocyte is closely associated
with several capillaries. The high capillary-to-
fiber density ensures short diffusion distances
to maximize oxygen transport into the cells
and removal of metabolic waste products
(e.g., CO,, HY) (see Chapter 8).

Coronary veins are located adjacent to
coronary arteries. These veins drain into the
coronary sinus located on the posterior as-
pect of the heart. Blood flow from the coro-
nary sinus empties into the right atrium. Some
drainage also occurs directly into the cardiac
chambers through the anterior cardiac veins
and thebesian vessels.

Coronary blood flow is not steady as in
most other organs. When flow is measured
within a coronary artery, it is found to de-
crease during cardiac systole and increase
during diastole (Fig. 7-7). Therefore, most of
the blood flow to the myocardium occurs dur-
ing diastole. The reason that coronary flow is
influenced by the cardiac cycle is that during
systole, the contraction of the myocardium
compresses the microvasculature within the
ventricular wall, thereby increasing resistance
and decreasing flow. During systole, blood

Diastole

Systole

flow is reduced to the greatest extent within
the innermost regions of the ventricular wall
(i.e., in the subendocardium) because this is
where the compressive forces are greatest.
(This results in the subendocardial regions be-
ing more susceptible to ischemic injury when
coronary artery disease or reduced aortic
pressure is present.) As the ventricle begins to
relax in early diastole, the compressive forces
are removed and blood flow is permitted to
increase. Blood flow reaches a peak in early
diastole and then falls passively as the aortic
pressure falls toward its diastolic value.
Therefore, it is the aortic pressure during di-
astole that is most crucial for perfusing the
coronaries. This explains why increases in
heart rate can reduce coronary perfusion. At
high heart rates, the length of diastole is
greatly shortened, which reduces the time for
coronary perfusion. This is not a problem
when the coronary arteries are normal, be-
cause they dilate with increased heart rate and
metabolism; however, if the coronaries are
diseased and their vasodilator reserve is lim-
ited, increases in heart rate can limit coronary
flow and lead to myocardial ischemia and
anginal pain.

The mechanical forces affecting coronary
flow are greatest within the left ventricle be-
cause this chamber develops pressures that are
several-fold greater than those developed by
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FIGURE 7-7 Pulsatile nature of coronary blood flow measured in the left coronary artery. Flow is lower during systole
because of mechanical compression of intramuscular coronary vessels. Flow is maximal early in diastole, and then it

falls as aortic pressure declines.



the right ventricle. The right ventricle, and to a
lesser extent the atria, show some effects of
contraction and relaxation on blood flow within
their musculature, but it is much less apparent
than that observed in the left ventricle.

Mean coronary blood flow (averaged over
several cardiac cycles) can range from 80
mL/min per 100 g of tissue at resting heart
rates to over 400 mL/min per 100 g during ex-
ercise (see Table 7-1). Therefore, the coronary
vasculature normally has a relatively high va-
sodilator reserve capacity.

Coronary blood flow is primarily regulated
by tissue metabolism. Adenosine has been
shown to be important in dilating the coronary
vessels when the myocardium becomes hyp-
oxic or when cardiac metabolism increases dur-
ing increased cardiac work. Experimental stud-
ies have shown that inhibiting adenosine
formation, enhancing its breakdown to inosine,
or blocking vascular adenosine receptors im-
pairs coronary vasodilation under these condi-
tions. In addition, nitric oxide has been shown
to be important in coronary vessels, particularly
in producing flow-dependent vasodilation.

Coronary vessels are innervated by both
sympathetic and parasympathetic nerves.
Unlike most other vascular beds, activation of
sympathetic nerves to the heart causes only
transient vasoconstriction (a,—adrenoceptor
mediated) followed by vasodilation. The va-
sodilation occurs because sympathetic activa-
tion of the heart also increases heart rate and
inotropy through @,-adrenoceptors, which
leads to the production of vasodilator metabo-
lites that inhibit the vasoconstrictor response
and cause vasodilation. This is termed func-
tional sympatholysis. If §,-adrenoceptors are
blocked experimentally, sympathetic stimula-
tion of the heart causes coronary vasoconstric-
tion. Parasympathetic stimulation of the heart
(i.e., vagal nerve activation) elicits modest coro-
nary vasodilation owing to the direct effects of
released acetylcholine on the coronaries.
However, if parasympathetic activation of the
heart results in a significant decrease in myo-
cardial oxygen demand, local metabolic mech-
anisms increase coronary vascular tone (i.e.,
cause vasoconstriction). Therefore, parasympa-
thetic activation of the heart generally results in
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a decrease in coronary blood flow, although the
direct effect of parasympathetic stimulation of
the coronary vessels is vasodilation.

Coronary blood flow is crucial for the nor-
mal function of the heart. Because of the high
oxygen consumption of the beating heart (see
Chapter 4) and the fact that the heart relies on
oxidative metabolism (see Chapter 3), coro-
nary blood flow (oxygen delivery) and the
metabolic activity of the heart need to be
tightly coupled. This is all the more important
because, as discussed in Chapter 4, the beat-
ing heart extracts more than half of the oxygen
from the arterial blood; therefore, there is rel-
atively little oxygen extraction reserve. In
coronary artery disease, chronic narrowing of
the vessels or impaired vascular function re-
duces maximal coronary blood flow (i.e., there
is reduced vasodilator reserve). When this oc-
curs, coronary flow fails to increase adequately
as myocardial oxygen demands increase (Fig.
7-8). This leads to cardiac hypoxia and im-
paired contractile function.

The relationship between coronary blood
flow and the metabolic demand of the heart is
often discussed in terms of the myocardial
oxygen supply/demand ratio. The oxygen
supply is the amount of oxygen delivered to
the myocardium in the arterial blood, which is
the product of the coronary blood flow and

Normal
Coronaries

\ Diseased

Coronaries

Oxygen Deficit

Blood
Flow

Myocardial Oxygen Consumption

FIGURE 7-8 Relationship between coronary blood flow
and myocardial oxygen consumption. Coronary blood
flow increases as myocardial oxygen consumption in-
creases. However, if the coronary vessels are diseased
and have increased resistance owing to stenosis, blood
flow (and therefore oxygen delivery) will be limited at
higher oxygen consumptions leading to an oxygen
deficit and myocardial hypoxia.
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should be not be used in such a patient.

prevent reflex tachycardia.

A patient with known coronary artery disease (multiple vessel stenosis) is also hyper-
tensive. Explain why blood pressure-lowering drugs that produce reflex tachycardia

It is important to control arterial pressure in patients with coronary artery disease
because hypertension increases ventricular afterload and myocardial oxygen demand.
However, it is important to lower arterial pressure using drugs that do not cause a re-
flex tachycardia for two reasons. First, reflex tachycardia (baroreceptor-mediated) in-
creases myocardial oxygen demand and offsets the beneficial effects of reducing after-
load (see Chapter 4). Second, tachycardia further impairs coronary perfusion because
the duration of diastole relative to systole decreases at elevated heart rates. This re-
duces the time available for coronary perfusion during diastole, which is the time
when the greatest amount of coronary perfusion occurs. It is common in clinical prac-
tice to give either a B-blocker or calcium-channel blocker to a patient with both coro-
nary artery disease and hypertension, because both types of drugs lower pressure and

arterial oxygen content. If blood flow is in the
units of mL blood/min and arterial oxygen
content is expressed in mL O,/mL blood, oxy-
gen delivery has the units of mL O,/min. The
oxygen demand of the heart is the myocardial
oxygen consumption, which is the product of
coronary blood flow and the difference be-
tween the arterial and venous oxygen con-
tents. A decrease in the oxygen supply/de-
mand ratio causes tissue hypoxia, which can
result in chest pain (angina pectoris) (see
Angina on CD). This can occur by a decrease
in oxygen supply (decreased coronary blood
flow or arterial oxygen content), an increase in
myocardial oxygen consumption, or a combi-
nation of the two. One of the therapeutic goals
for people who have coronary artery disease
and anginal pain is to increase the oxygen sup-
ply/demand ratio either by improving coro-
nary flow (e.g., coronary bypass grafts or coro-
nary stent placement) or by decreasing
myocardial oxygen consumption by reducing
heart rate, inotropy, and afterload (see
Chapter 4).

Coronary artery disease is a leading cause
of death. Both structural and functional
changes occur when coronary arteries become
diseased. Atherosclerotic processes decrease
the lumen diameter, causing stenosis. This
commonly occurs in the large epicardial arter-

ies, although the disease also afflicts small ves-
sels. The large coronary arteries ordinarily
represent only a very small fraction of total
coronary vascular resistance. Therefore,
stenosis in these vessels needs to exceed a
60% to 70% reduction in lumen diameter (i.e.,
exceed the critical stenosis) to have significant
effects on resting blood flow and maximal flow
capacity (see Chapter 5 and Stenosis on CD).

In addition to narrowing the lumen and in-
creasing resistance to flow, atherosclerosis
causes endothelial damage and dysfunction.
This leads to reduced nitric oxide and prosta-
cyclin formation, which can precipitate coro-
nary vasospasm and thrombus formation,
leading to increased vascular resistance and
decreased flow. Loss of these endothelial fac-
tors impairs vasodilation, which decreases the
vasodilator reserve capacity. When coronary
flow is compromised by coronary artery dis-
ease either at rest or during times of increased
metabolic demand (e.g., during exercise), the
myocardium becomes hypoxic, which can im-
pair mechanical function, precipitate arrhyth-
mias, and produce angina.

When coronary oxygen delivery is limited
by disease, collateral vessels can play an im-
portant adjunct role in supplying oxygen to
the heart. Conditions of chronic stress (e.g.,
chronic hypoxia or exercise training) can cause



new blood vessels to form by angiogenesis.
Collateralization increases myocardial blood
supply by increasing the number of parallel
vessels, thereby reducing vascular resistance
within the myocardium. This helps to supply
blood flow to ischemic regions caused by vas-
cular stenosis or thrombosis.

Cerebral Circulation

The brain is a highly oxidative organ that con-
sumes almost 20% of resting total-body oxy-
gen consumption. To deliver adequate oxy-
gen, the cerebral blood flow needs to be
relatively high, about 50-60 mL/min per 100 g
tissue weight (see Table 7-1). Although the
brain represents only about 2% of body
weight, it receives approximately 14% of the
cardiac output.

The brain circulation is supplied by four
principal arteries: the left and right carotid
arteries and the left and right vertebral ar-
teries (Fig. 7-9). The vertebral arteries join
together on the ventral surface of the pons to
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FIGURE 7-9 Major cerebral arteries perfusing the brain.
This view is of the ventral surface of the brain and brain-
stem. The carotid and vertebral arteries are the major
source of cerebral blood flow and are interconnected
through the Circle of Willis and basilar artery. L, left; R,
right.
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form the basilar artery, which then travels
up the brainstem to join the carotid arteries
through interconnecting arteries, forming the
Circle of Willis. Arterial vessels originating
from the vertebral and basilar arteries as well
as the Circle of Willis distribute blood flow to
different regions of the brain. This intercon-
necting network of arterial vessels at the
brainstem provides a safety mechanism for
cerebral perfusion. If, for example, a carotid
artery becomes partly occluded and flow is re-
duced through that artery, increased flow
through the other interconnecting arteries can
help improve perfusion of the affected portion
of the brain.

Because the cerebral circulation is located
within a rigid cranium, changes in intracranial
pressure can have significant effects on cere-
bral perfusion (Fig. 7-10). For example, cere-
bral vascular hemorrhage, brain edema
caused by cerebral trauma, or tumor growth
can increase intracranial pressure, which can
lead to vascular compression and reduced
cerebral blood flow. The venous vessels are
most susceptible to compression because of
their low intravascular pressure. Because in-
tracranial pressure is normally greater than
the venous pressure outside the cranium and
the venous vessels can easily collapse, the ef-
fective perfusion pressure of the brain is not
the mean arterial pressure minus central ve-
nous pressure, but rather the mean arterial
pressure minus the intracranial pressure.
Intracranial pressure normally ranges from
0-10 mm Hg; however, if it becomes elevated
(e.g., 20 mm Hg or greater), and especially if
there is systemic hypotension, the effective
cerebral perfusion pressure and blood flow
can be significantly reduced.

Like the coronary circulation, the cerebral
blood flow is tightly coupled to oxygen con-
sumption. Therefore, cerebral blood flow in-
creases (active or functional hyperemia) when
neuronal activity and oxygen consumption are
increased. Changes in neuronal activity in spe-
cific brain regions lead to increases in blood
flow to those regions.

The brain shows excellent autoregulation
between mean arterial pressures of about 60
mm Hg and 130 mm Hg (Fig. 7-11). This is
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CPP = MAP — ICP

Rigid Cranium

ICP increased by:

e intracranial bleeding
e cerebral edema

e tumor

Increased ICP:

e collapses veins

o decreases effective CPP
e reduces blood flow

FIGURE 7-10 Effects of intracranial pressure (/CP) on cerebral blood flow. ICP is the pressure within the rigid cranium
(gray area of figure). Increased ICP decreases transmural pressure (inside minus outside pressure) of blood vessels
(particularly veins), which can cause vascular collapse, increased resistance, and decreased blood flow. Therefore, the
effective cerebral perfusion pressure (CPP) is mean arterial pressure (MAP) minus ICP. CVR central venous pressure.
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FIGURE 7-11 Autoregulation of cerebral blood flow.
Cerebral blood flow shows excellent autoregulation be-
tween mean arterial pressures of 60 mm Hg and 130
mm Hg. The autoregulatory curve shifts to the right
with chronic hypertension or acute sympathetic activa-
tion. This shift helps to protect the brain from the dam-
aging effects of elevated pressure.

important because cerebral function relies on
a steady supply of oxygen and cannot afford to
be subjected to a reduction in flow caused by
a fall in arterial pressure. If mean arterial
pressure falls below 60 mm Hg, cerebral per-
fusion becomes impaired, which results in de-
pressed neuronal function, mental confusion,
and loss of consciousness. When arterial pres-
sure is above the autoregulatory range (e.g., in

a hypertensive crisis), blood flow and pres-
sures within the cerebral microcirculation in-
crease. This may cause endothelial and vascu-
lar damage, disruption of the blood-brain
barrier, and hemorrhagic stroke. With chronic
hypertension, the autoregulatory curve shifts
to the right (see Fig. 7-11), which helps to
protect the brain at higher arterial pressures.
However, this rightward shift then makes the
brain more susceptible to reduced perfusion
when arterial pressure falls below the lower
end of the rightward-shifted autoregulatory
range.

Metabolic mechanisms play a dominant
role in the control of cerebral blood flow.
Considerable evidence indicates that changes
in carbon dioxide are important for coupling
tissue metabolism and blood flow. Increased
oxidative metabolism increases carbon dioxide
production, which causes vasodilation. It is
thought that the carbon dioxide diffuses into
the cerebrospinal fluid, where hydrogen ion is
formed by the action of carbonic anhydrase;
the hydrogen ion then causes vasodilation. In
addition, carbon dioxide and hydrogen ion in-
crease when perfusion is reduced because of
impaired washout of carbon dioxide.
Adenosine, nitric oxide, potassium ion, and
myogenic mechanisms have also been impli-
cated in the local regulation of cerebral blood
flow.



Cerebral blood flow is strongly influenced
by the partial pressure of carbon dioxide and,
to a lesser extent, oxygen in the arterial blood
(Fig. 7-12). Cerebral blood flow is highly sen-
sitive to small changes in arterial partial pres-
sure of CO, (pCO,) from its normal value of
about 40 mm Hg, with increased pCO, (hy-
percapnea) causing pronounced vasodilation
and decreased pCO, (hypocapnea) causing
vasoconstriction. Hydrogen ion appears to be
responsible for the changes in vascular resis-
tance when changes occur in arterial pCO.,.
The importance of CO, in regulating cerebral
blood flow can be demonstrated when a per-
son hyperventilates, which decreases arterial
pCO,. When this occurs, a person becomes
“light headed” as the reduced pCO, causes
cerebral blood flow to decrease. Severe arte-
rial hypoxia (hypoxemia) increases cerebral
blood flow. Arterial pO, is normally about
95-100 mm Hg. If the pO; falls below 50 mm
Hg (severe arterial hypoxia), it elicits a strong
vasodilator response in the brain, which helps
to maintain oxygen delivery despite the reduc-
tion in arterial oxygen content. As described in
Chapter 6, decreased arterial pO, and in-
creased pCO, stimulate chemoreceptors,
which activate sympathetic efferents to the
systemic vasculature to cause vasoconstric-
tion; however, the direct effects of hypoxia
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and hypercapnea override the weak effects of
sympathetic activation in the brain so that
cerebral vasodilation occurs and oxygen deliv-
ery is enhanced.

Although sympathetic nerves innervate
larger cerebral vessels, activation of these
nerves has relatively little influence on cere-
bral blood flow. Maximal sympathetic activa-
tion increases cerebral vascular resistance by
no more than 20% to 30%, in contrast to an
approximately 500% increase occurring in
skeletal muscle. The reason, in part, for the
weak sympathetic response by the cerebral
vasculature is that metabolic mechanisms are
dominant in regulating flow; therefore, func-
tional sympatholysis occurs during sympa-
thetic activation. This is crucial to preserve
normal brain function; otherwise, every time a
person stands up or exercises, both of which
cause sympathetic activation, cerebral perfu-
sion would decrease. Therefore, baroreceptor
reflexes have little influence on cerebral blood
flow. Sympathetic activation shifts the au-
toregulatory curve to the right, similar to what
occurs with chronic hypertension.

In recent years, we have learned that neu-
ropeptides originating in the brain signifi-
cantly influence cerebral vascular tone, and
they may be involved in producing headaches
(e.g., migraine and cluster headaches) and
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FIGURE 7-12 Effects of arterial partial pressure of oxygen and carbon dioxide on cerebral blood flow. An arterial par-
tial pressure of oxygen (p0O.) of less than 50 mm Hg (normal value is about 95 mm Hg) causes cerebral vasodilation
and increased flow. A reduction in arterial partial pressure of carbon dioxide (pCO,) below its normal value of 40 mm
Hg decreases flow, whereas pCO, values greater than 40 mm Hg increase flow. Therefore, cerebral blood flow is more
sensitive to changes from normal arterial pCO, values than from normal arterial pO, values.
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cerebral vascular vasospasm during strokes.
Parasympathetic cholinergic fibers innervat-
ing the cerebral vasculature release nitric ox-
ide and vasoactive intestinal polypeptide
(VIP). These substances, along with acetyl-
choline, produce localized vasodilation. Other
nerves appear to release the local vasodilators
calcitonin gene-related peptide (CGRP)
and substance-P. Sympathetic adrenergic
nerves can release neuropeptide-Y (NPY) in
addition to norepinephrine, which causes lo-
calized vasoconstriction.

Skeletal Muscle Circulation

The primary function of skeletal muscle is to
contract and generate mechanical forces to
provide support to the skeleton and produce
movement of joints. This mechanical activity
consumes large amounts of energy and there-
fore requires delivery of considerable
amounts of oxygen and substrates, as well as
the efficient removal of metabolic waste prod-
ucts. Both oxygen delivery and metabolic
waste removal functions are performed by the
circulation.

The circulation within skeletal muscle is
highly organized. Arterioles give rise to capil-
laries that generally run parallel to the muscle
fibers, with each fiber surrounded by three to
four capillaries. When the muscle is not con-
tracting, relatively little oxygen is required and
only about one-fourth of the capillaries are
perfused. In contrast, during muscle contrac-
tion and active hyperemia, all the anatomical
capillaries may be perfused, which increases
the number of flowing capillaries around each
muscle fiber (termed capillary recruit-
ment). This anatomical arrangement of capil-
laries and the ability to recruit capillaries de-
creases diffusion distances, leading to an
efficient exchange of gasses and molecules be-
tween the blood and the myocytes, particu-
larly under conditions of high oxygen demand.

In resting humans, almost 20% of cardiac
output is delivered to skeletal muscle. This
large cardiac output to muscle occurs not be-
cause blood flow is exceptionally high in rest-
ing muscle, but because skeletal muscle
makes up about 40% of the body mass. In the

resting, noncontracting state, muscle blood
flow is about 3 mL/min per 100 g. This resting
flow is much less than that found in organs
such as the brain and kidneys, in which “rest-
ing” flows are about 55 and 400 mL/min per
100 g, respectively.

When muscles contract during exercise,
blood flow can increase more than twenty-
fold. If muscle contraction is occurring during
whole-body exercise (e.g., running), more
than 80% of cardiac output can be directed to
the contracting muscles. Therefore, skeletal
muscle has a very large flow reserve (or ca-
pacity) relative to its blood flow at rest, indi-
cating that the vasculature in resting muscle
has a high degree of tone (see Table 7-1). This
resting tone is brought about by the interplay
between vasoconstrictor (e.g., sympathetic
adrenergic and myogenic influences) and va-
sodilator influences (e.g., nitric oxide produc-
tion, and tissue metabolites). In the resting
state, the vasoconstrictor influences dominate,
whereas during muscle contraction, vasodila-
tor influences dominate to increase oxygen
delivery to the contracting muscle fibers and
remove metabolic waste products that accu-
mulate.

The blood flow response to skeletal muscle
contraction depends on the type of contrac-
tion. With rhythmic or phasic contraction of
muscle (Fig. 7-13, top panel), as occurs during
normal locomotory activity, mean blood flow
increases during the period of muscle activity.
However, if blood flow is measured without
filtering or averaging, the flow is found to be
phasic—flow decreases during contraction
and increases during relaxation phases of the
muscle activity because of mechanical com-
pression of the vessels. In contrast, a sustained
muscle contraction (e.g., lifting and holding a
heavy weight) decreases mean blood flow dur-
ing the period of contraction, followed by a
postcontraction hyperemic response when the
contraction ceases (see Fig. 7-13, bottom
panel).

The precise mechanisms responsible for
dilating skeletal muscle vasculature during
contraction are not clearly understood.
However, considerable evidence indicates
that increases in interstitial adenosine and K*
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FIGURE 7-13 Skeletal muscle active hyperemia following phasic and sustained (tetanic) contractions. The top panel
shows that phasic contractions cause flow to decrease during contraction and increase during relaxation, although
the net effect is an increase in flow during contraction. When contractions cease, a further increase in flow occurs
because mechanical compression of the vasculature is removed. The bottom panel shows that sustained, tetanic con-
tractions generate high intramuscular forces that compress the vasculature and reduce flow. When contraction

ceases, a large hyperemia follows.

during muscle contraction contribute to the
vasodilation. Tissue hypoxia, particularly when
blood flow is mechanically compromised dur-
ing forceful sustained muscle contractions,
may provide a signal for vasodilation.
Evidence also exists that increased endothelial
release of nitric oxide contributes to the dila-
tion of the vasculature. Other suggested
mechanisms include increased levels of lactic
acid, CO,, and H* and hyperosmolarity.
Another mechanism that facilitates blood flow
during coordinated contractions of groups of
muscles (as occurs during normal physical ac-
tivity such as running) is the skeletal muscle
pump (see Chapter 5). Regardless of the

mechanisms involved in producing active hy-

peremia, the outcome is that there is a close
correlation between the increase in oxygen
consumption and the increase in blood flow
during muscle contraction.

Skeletal muscle vasculature is innervated
primarily by sympathetic adrenergic fibers.
The norepinephrine released by these fibers
binds to a-adrenoceptors and causes vaso-
constriction. Under resting conditions, a sig-
nificant portion of the vascular tone is gener-
ated by sympathetic activity, so that if a resting
muscle is suddenly denervated or the o-
adrenoceptors are blocked pharmacologically
by a drug such as phentolamine, blood flow
will transiently increase two to three-fold un-
til local regulatory mechanisms reestablish a
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new steady-state flow. Activation of the sym-
pathetic adrenergic nervous system (e.g.,
baroreceptor reflex in response to hypo-
volemia) can dramatically reduce blood flow
in resting muscle. When this reduction in
blood flow occurs, the muscle extracts more
oxygen (the arterial-venous oxygen difference
increases) and activates anaerobic pathways
for ATP production. However, prolonged hy-
poperfusion of muscle caused by intense sym-
pathetic activation eventually leads to va-
sodilator mechanisms dominating over the
sympathetic vasoconstriction, leading to sym-
pathetic escape and partial restoration of
blood flow.

Recent evidence suggests that increased
muscle blood flow seen under some conditions
of generalized sympathetic activation (e.g.,
during exercise or mental stress) may involve
circulating catecholamines stimulating .-
adrenoceptors and locally released nitric oxide.

Evidence exists, at least in nonprimate
species such as cats and dogs, for sympathetic
cholinergic innervation of skeletal muscle re-
sistance vessels. The neurotransmitter for
these fibers is acetylcholine, which binds to
muscarinic receptors to produce vasodilation.
This branch of the autonomic nervous system
has little or no influence on blood flow under
resting conditions; however, activation of
these fibers in anticipation of exercise and
during exercise can contribute to the increase
in blood flow associated with exercise. There
is no convincing evidence, however, for simi-
lar active, neurogenic vasodilator mechanisms
existing in humans.

Cutaneous Circulation

The nutrient and oxygen requirements of the
skin are quite low relative to other organs;
therefore, cutaneous blood flow does not pri-
marily serve a metabolic support role. Instead,
the primary role of blood flow to the skin is to
allow heat to be exchanged between the blood
and the environment to help regulate body
temperature. Therefore, the cutaneous circu-
lation is under the control of hypothalamic
thermoregulatory centers that adjust the sym-
pathetic outflow to the cutaneous vasculature.

At normal body and ambient temperatures,
the skin circulation is subjected to a high de-
gree of sympathetic adrenergic tone. If core
temperature begins to rise (e.g., during physi-
cal exertion), the hypothalamus decreases
sympathetic outflow to the skin, which causes
cutaneous vasodilation and increased blood
flow. This enables more warm blood to circu-
late in the sub-epidermal layer of the skin so
that more heat energy can be conducted
through the skin to the environment.
Conversely, if core temperature decreases,
the hypothalamus attempts to retain heat by
increasing sympathetic outflow to the skin,
which decreases cutaneous blood flow and
prevents heat loss to the environment. The
sympathetic control of the cutaneous circula-
tion is so powerful that cutaneous blood flow
can range from more than 30% of cardiac out-
put to less than 1%.

The microvascular network that supplies
skin is unique among organs. Small arteries
arising from the subcutaneous tissues give rise
to arterioles that penetrate into the dermis
and give rise to capillaries that loop under-
neath the epidermis (Fig. 7-14). Blood flows
from these capillary loops into venules and
then into an extensive, interconnecting ve-
nous plexus. Most of the cutaneous blood
volume is found in the venous plexus, which is
a prominent feature in the nose, lips, ears,
toes, and fingers—especially the fingertips.
The blood in the venous plexus is also respon-
sible for skin coloration in lightly pigmented
individuals. The venous plexus receives blood
directly from the small subcutaneous arteries
through special interconnecting vessels called
arteriovenous (AV) anastomoses.

The resistance vessels supplying the sub-
epidermal capillary loops and the AV anasto-
moses are richly innervated by sympathetic
adrenergic fibers. Constriction of these vessels
during hypothalamic-mediated sympathetic
activation decreases blood flow through the
capillary loops and the venous plexus. In addi-
tion to sympathetic neural control, the resis-
tance vessels and AV anastomoses are very
sensitive to a-adrenoceptor-mediated vaso-
constriction induced by circulating cate-
cholamines.
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FIGURE 7-14 Anatomy of the cutaneous circulation. Arteries within the subcutaneous tissue give rise to either arte-
rioles that travel into the dermis and give rise to capillary loops, or to arteriovenous (AV) anastomoses that connect
to a plexus of small veins in the subdermis. The venous plexus also receives blood from the capillary loops.
Sympathetic stimulation constricts the resistance vessels and AV anastomoses, thereby decreasing dermal blood flow.

Although the AV anastomoses are almost
exclusively controlled by sympathetic influ-
ences, the resistance vessels respond to both
metabolic influences and sympathetic influ-
ences and therefore demonstrate local regula-
tory phenomena such as reactive hyperemia
and autoregulation. These local regulatory re-
sponses, however, are relatively weak com-
pared to those observed in most other organs.

The cutaneous resistance vessels also re-
spond to local paracrine influences, particu-
larly during sweating and tissue injury.
Activation of cutaneous sweat glands by sym-
pathetic cholinergic nerves produces vasodila-
tion in addition to the formation of sweat. It is
thought that local formation of bradykinin is
partly responsible for this vasodilation.
Bradykinin may stimulate the formation of ni-
tric oxide to cause vasodilation during sweat-
ing. Moreover, evidence suggests that an
unidentified vasodilator substance (a co-trans-
mitter) is released by sympathetic cholinergic
nerves. Tissue injury from mechanical trauma,
heat, or chemicals releases paracrine sub-
stances such as histamine and bradykinin,
which increase blood flow and cause localized
edema by increasing microvascular perme-
ability. If the skin is firmly stroked with a blunt
object, the skin initially blanches owing to lo-
calized vasoconstriction. This is followed
within a minute by the formation of a red line
that spreads away from the site of injury (red
flare); both the red line and red flare are
caused by an increase in blood flow. Localized

swelling (wheal formation) may then follow,
caused by increased microvascular permeabil-
ity and leakage of fluid into the interstitium.
The red line, flare, and wheal are called the
triple response. Both paracrine hormones
and local axon reflexes are believed to be in-
volved in the triple response. The vasodilator
neurotransmitter involved in local axon re-
flexes has not been identified. This neuro-
genic-mediated vasodilation is called “active
vasodilation” in contrast to vasodilation that
occurs during withdrawal of sympathetic
adrenergic influences, called “passive vasodi-
lation.”

Local changes in skin temperature selec-
tively alter blood flow to the affected region.
For example, if a heat source is placed on a
small region of the skin on the back of the
hand, blood flow will increase only to the re-
gion that is heated. This response appears to
be mediated by local axon reflexes and local
formation of nitric oxide instead of by changes
in sympathetic discharge mediated by the hy-
pothalamus. Localized cooling produces vaso-
constriction through local axon reflexes. If tis-
sue is exposed to extreme cold, a phenomenon
called cold-induced vasodilation may occur
following an initial vasoconstrictor response,
especially if the exposed body region is a hand,
foot, or face. This phenomenon causes light-
colored skin to appear red, and it explains the
rosy cheeks, ears, and nose a person may ex-
hibit when exposed to very cold air tempera-
tures. With continued exposure, alternating
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periods of dilation and constriction may occur.
The mechanism for cold-induced vasodilation
is not clear, but it probably involves changes in
local axon reflexes and impaired ability of the
vessels to constrict because of hypothermia.

Splanchnic Circulation

The splanchnic circulation includes blood
flow to the gastrointestinal tract, spleen, pan-
creas, and liver. Blood flow to these combined
organs represents 20% to 25% of cardiac out-
put (see Table 7-1). Three major arteries aris-
ing from the abdominal aorta supply blood to
the stomach, intestine, spleen, and liver—the
celiac, superior mesenteric, and inferior
mesenteric arteries. The following describes
blood flow to the intestines and liver.

Several branches arising from the superior
mesenteric artery supply blood to the intes-
tine. These and subsequent branches travel
through the mesentery that supports the in-
testine. Small arterial branches enter the
outer muscular wall of the intestine and divide
into several smaller orders of arteries and ar-
terioles, most of which enter into the submu-
cosa from which arterioles and capillaries
arise to supply blood to the intestinal villi.
Water and nutrients transported into the villi
enter the blood and are carried away by the
portal venous circulation.

Intestinal blood flow is closely coupled to
the primary function of the intestine, i.e., the
absorption of water, electrolytes, and nutri-
ents from the intestinal lumen. Therefore, in-
testinal blood flow increases when food is
present within the intestine. Blood flow to
the intestine in the fasted state is about 30
mL/min per 100 g; following a meal, flow can
exceed 250 mL/min per 100 g. This functional
hyperemia is stimulated by gastrointestinal
hormones such as gastrin and cholecystokinin,
as well as by glucose, amino acids, and fatty
acids that are absorbed by the intestine.
Evidence exists that submucosal arteriolar va-
sodilation during functional hyperemia is me-
diated by hyperosmolarity and nitric oxide.

The intestinal circulation is strongly influ-
enced by the activity of sympathetic adrener-
gic nerves. Increased sympathetic activity dur-

ing exercise or in response to decreased
baroreceptor firing (e.g., during hemorrhage
or standing) constricts both arterial resistance
vessels and venous capacitance vessels.
Because the intestinal circulation receives
such a large fraction of cardiac output, sympa-
thetic stimulation of the intestine causes a
substantial increase in total systemic vascular
resistance. Additionally, the large blood vol-
ume contained within the venous vasculature
is mobilized during sympathetic stimulation to
increase central venous pressure.

Parasympathetic activation of the intestine
increases motility and glandular secretions.
Increased motility per se does not cause large
increases in blood flow, but flow nevertheless
increases. This may involve metabolic mecha-
nisms or local paracrine influences such as the
formation of bradykinin and nitric oxide.

Venous blood leaving the gastrointestinal
tract, spleen, and pancreas drains into the he-
patic portal vein, which supplies approxi-
mately 75% of the hepatic blood flow. The re-
mainder of the hepatic blood flow is supplied
by the hepatic artery, which is a branch of the
celiac artery. Note that in this arrangement,
most of the liver circulation is in series with
the gastrointestinal, splenic, and pancreatic
circulations. Therefore, changes in blood flow
in these vascular beds have a significant influ-
ence on hepatic flow.

Terminal vessels from the hepatic portal
vein and hepatic artery form sinusoids within
the liver, which function as capillaries. The
pressure within these sinusoids is very low,
just a few mm Hg above central venous pres-
sure. This is important because the sinusoids
are very permeable (see Chapter 8). Changes
in central venous and hepatic venous pressure
are almost completely transmitted to the sinu-
soids. Therefore, elevations in central venous
pressure during right ventricular failure can
cause substantial increases in sinusoid pres-
sure and fluid filtration, leading to hepatic
edema and accumulation of fluid within the
abdominal cavity (ascites).

The liver circulation does not show au-
toregulation; however, decreases in hepatic
portal flow result in reciprocal increases in he-
patic artery flow, and vice versa. Sympathetic



nerve activation constricts vessels derived
from both the hepatic portal system and he-
patic artery. The most important effect of
sympathetic activation is on venous capaci-
tance vessels, which contain a significant frac-
tion (approximately 15%) of the venous blood
volume in the body. The liver, like the gas-
trointestinal circulation, functions as an im-
portant venous reservoir.

The spleen is an important venous reser-
voir containing hemoconcentrated blood in
some animals (e.g., dogs). Stressful conditions
in the dog (e.g., blood loss) can cause splenic
contraction, which can substantially increase
circulating blood volume and hematocrit.

Renal Circulation

Approximately 20% of the cardiac output per-
fuses the kidneys although the kidneys repre-
sent only about 0.4% of total body weight.
Renal blood flow, therefore, is about 400
mL/min per 100 g of tissue weight, which is
the highest of any major organ within the
body (see Table 7-1). Only the pituitary and
carotid bodies have higher blood flows per
unit tissue weight. Whereas blood flow in
many organs is closely coupled to tissue oxida-
tive metabolism, this is not the case for the
kidneys, in which the blood flow greatly ex-
ceeds the need for oxygen delivery. The very
high blood flow results in a relatively low ex-
traction of oxygen from the blood (about 1 to
2 mL OymL blood) despite the fact that renal
oxygen consumption is high (approximately 5
mL O,/min per 100 g). The reason for renal
blood flow being so high is that the primary
function of the kidneys is to filter blood and
form urine. The kidney comprises three major
regions: the cortex (the outer layer that con-
tains glomeruli for filtration), the medulla (the
middle region that contains renal tubules and
capillaries involved in concentrating the
urine), and the hilum (the inner region where
the renal artery and vein, nerves, lymphatics,
and ureter enter or leave the kidney). Because
most of the filtering takes place within the
cortex, about 90% of the total renal blood flow
supplies the cortex, with the remainder sup-
plying the medullary regions.
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The vascular organization within the kid-
neys is very different from most organs. The
abdominal aorta gives rise to renal arteries
that distribute blood flow to each kidney. The
renal artery enters the kidney at the hilum and
gives off several branches (interlobar arter-
ies) that travel in the kidney toward the cor-
tex. Subsequent branches (arcuate and in-
terlobular arteries) then form afferent
arterioles, which supply blood to each
glomerulus (Fig. 7-15). As the afferent arteri-
ole enters the glomerulus, it gives rise to a
cluster of glomerular capillaries, from
which fluid is filtered into Bowman’s capsule
and into the renal proximal tubule. The
glomerular capillaries then form an efferent
arteriole from which arise peritubular cap-
illaries that surround the renal tubules.
Efferent arterioles associated with jux-
tamedullary nephrons located in the inner
cortex near the outer medulla give rise to very
long capillaries (vasa recta) that loop down
deep within the medulla. The capillaries are
involved with countercurrent exchange and
the maintenance of medullary osmotic gradi-
ents. Capillaries eventually form venules and
then veins, which join together to exit the kid-
ney as the renal vein. Therefore, within the
kidney, a capillary bed (glomerular capillaries)
is located between the two principal sites of
resistance (afferent and efferent arterioles).
Furthermore, a second capillary bed (per-
itubular capillaries) is in series with the
glomerular capillaries and is separated by the
efferent arteriole.

The vascular arrangement within the kid-
ney is very important for filtration and reab-
sorption functions of the kidney. Changes in
afferent and efferent arteriole resistance af-
fect not only blood flow, but also the hydro-
static pressures within the glomerular and
peritubular capillaries. Glomerular capillary
pressure, which is about 50 mm Hg, is much
higher than that in capillaries found in other
organs. This high pressure drives fluid filtra-
tion (see Chapter 8). The peritubular capillary
pressure, however, is low (about 10-20 mm
Hg). This is important because it permits fluid
reabsorption to limit water loss and urine ex-
cretion. About 20% of the plasma entering the
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FIGURE 7-15 Renal vascular anatomy. Small vessels derived from branches of the renal artery form arcuate arteries
and interlobular arteries, which then become afferent arterioles that supply blood to the glomerulus. As the afferent
arteriole enters the glomerulus, it gives rise to a cluster of glomerular capillaries, from which fluid is filtered into
Bowman'’s capsule and into the renal proximal tubule. The glomerular capillaries then form an efferent arteriole from
which arise peritubular capillaries that surround the renal tubules.

kidney is filtered. If significant reabsorption
did not occur, a high rate of urine formation
would rapidly lead to hypovolemia and hy-
potension and an excessive loss of electrolytes.
Figure 7-16 shows the effects of afferent and
efferent arteriole constriction on blood flow
and glomerular capillary pressure. If the affer-
ent arteriole constricts, distal pressures,
glomerular filtration, and blood flow are re-
duced (see Fig. 7-16, Panel B). In contrast, al-
though efferent arteriole constriction reduces
flow and peritubular capillary pressure, it in-
creases glomerular capillary pressure and
glomerular filtration (see Fig. 7-16, Panel D).

The renal circulation exhibits strong au-
toregulation between arterial pressures of
about 80-180 mm Hg. Autoregulation of
blood flow is accompanied by autoregulation
of glomerular filtration so that filtration re-
mains essentially unchanged over a wide
range of arterial pressures. For this to occur,
glomerular capillary pressure must remain un-
changed when arterial pressure changes. This
takes place because the principal site for au-

toregulation is the afferent arteriole. If arterial
pressure falls, the afferent arteriole dilates,
which helps to maintain the glomerular capil-
lary pressure and flow despite the fall in arte-
rial pressure.

Two mechanisms have been proposed to
explain renal autoregulation: myogenic mech-
anisms and tubuloglomerular feedback.
Myogenic mechanisms were described earlier
in this chapter. Briefly, a reduction in afferent
arteriole pressure is sensed by the vascular
smooth muscle, which responds by relaxing;
an increase in pressure induces smooth mus-
cle contraction. The tubuloglomerular
feedback mechanism is poorly understood,
and the actual mediators have not been iden-
tified. It is believed, however, that changes in
perfusion pressure alter glomerular filtration
and therefore tubular flow and sodium deliv-
ery to the macula densa of the juxtaglomeru-
lar apparatus, which then signals the afferent
arteriole to constrict or dilate. The macula
densa of the juxtaglomerular apparatus is a
group of specialized cells of the distal tubule



ORGAN BLOOD FLOW
IR* TP TP
A % TF
P P
TR*
B % IF
P TP

IR*
C % TF
TP " P
R*
D @ @ JF
AA GC EA PC

165

FIGURE 7-16 Effects of renal afferent and efferent arteriole resistances on blood flow and renal capillary pressures.
Panel A: Decreased afferent arteriole (AA) resistance increases glomerular capillary (GC) and peritubular capillary (PC)
pressures and increases flow (F). Panel B: Increased AA resistance decreases GC and PC pressures and decreases F.
Panel C: Decreased efferent arteriole (EA) resistance decreases GC pressure, increases PC pressure, and increases F.
Panel D: Increased EA resistance increases GC pressure, decreases PC pressure, and decreases F. *,arteriole undergo-

ing resistance change; R, resistance; P pressure.

that lie adjacent to the afferent arteriole as the
distal tubule loops up back toward the
glomerulus. These cells sense solute osmolar-
ity, particularly sodium chloride. Some inves-
tigators have proposed that adenosine (which
is a vasoconstrictor in the kidney), locally pro-
duced angiotensin II (a vasoconstrictor), or
vasodilators such as nitric oxide, prostaglandin
E,, and prostacyclin are involved in tubu-
loglomerular feedback and autoregulation.
Locally produced angiotensin II strongly in-
fluences efferent arteriole tone. Thus, inhi-
bition of angiotensin II formation by an
angiotensin-converting enzyme (ACE) in-
hibitor dilates the efferent arteriole, which de-
creases glomerular capillary pressure and re-
duces glomerular filtration under some
conditions (e.g., renal artery stenosis). Drugs
that inhibit prostaglandin and prostacyclin
biosynthesis (cyclo-oxygenase inhibitors) alter
renal hemodynamics and function, particu-
larly with long-term use.

The renal circulation responds strongly to
sympathetic adrenergic stimulation. Under
normal conditions, relatively little sympathetic
tone on the renal vasculature occurs; however,
with strenuous exercise or in response to se-
vere hemorrhage, increased renal sympathetic
nerve activity can virtually shut down renal
blood flow. Because renal blood flow receives
a relatively large fraction of cardiac output
and therefore contributes significantly to sys-
temic vascular resistance, renal vasoconstric-
tion can serve an important role in maintain-
ing arterial pressure under these conditions;
however, intense renal vasoconstriction seri-
ously impairs renal perfusion and function,
and it can lead to renal failure.

Pulmonary Circulation

Two separate circulations perfusing respira-
tory structures exist: the pulmonary circula-
tion, which is derived from the pulmonary
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artery and supplies blood flow to the alveoli
for gas exchange, and the bronchial circula-
tion, which is derived from the thoracic aorta
and supplies nutrient flow to the trachea and
bronchial structures. The pulmonary circula-
tion receives all of the cardiac output of the
right ventricle, whereas the bronchial circula-
tion receives about 1% of the left ventricular
output.

The pulmonary circulation is a low-resis-
tance, low-pressure, high-compliance vascular
bed. Although the pulmonary circulation re-
ceives virtually the same cardiac output as the
systemic circulation, the pulmonary pressures
are much lower. The pulmonary artery systolic
and diastolic pressures are about 25 mm Hg
and 10 mm Hg, respectively. The mean pul-
monary artery pressure is therefore about 15
mm Hg. If we assume that the left atrial pres-
sure averages 8 mm Hg, the perfusion pres-
sure for the pulmonary circulation (mean pul-
monary artery pressure minus left atrial
pressure) is only about 7 mm Hg. This is con-
siderably lower than the perfusion pressure
for the systemic circulation (about 90 mm
Hg). Because the flow is essentially the same,
but the perfusion pressure is much lower in
the pulmonary circulation, the pulmonary vas-
cular resistance must be very low. In fact, pul-
monary vascular resistance is generally ten- to
fifteen-fold lower than systemic vascular resis-
tance. The reason for the much lower pul-
monary vascular resistance is that the vessels
are larger in diameter, shorter in length, and
have many more parallel elements than the
systemic circulation.

Pulmonary vessels are also much more
compliant than systemic vessels. Because of
this, an increase in right ventricular output
does not cause a proportionate increase in
pulmonary artery pressure. The reason for
this is that the pulmonary vessels passively dis-
tend as the pulmonary artery pressure in-
creases, which lowers their resistance.
Increased pressure also recruits additional
pulmonary capillaries, which further reduces
resistance. This high vascular compliance and
ability to recruit capillaries are important
mechanisms for preventing pulmonary vascu-

lar pressures from rising too high when car-
diac output increases (e.g., during exercise).

Increased pulmonary vascular pressure can
have two adverse consequences. First, in-
creased pulmonary artery pressure increases
the afterload on the right ventricle, which can
impair ejection, and with chronic pressure el-
evation, cause right ventricular failure.
Second, an increase in pulmonary capillary
pressure increases fluid filtration (see Chapter
8), which can lead to pulmonary edema.
Pulmonary capillary pressures are ordinarily
about 10 mm Hg, which is less than half the
value found in most other organs.

Because of their low pressures and high
compliance, pulmonary vascular diameters
are strongly influenced by gravity and by
changes in intrapleural pressure during respi-
ration. When a person stands up, gravity in-
creases hydrostatic pressures within vessels lo-
cated in the lower regions of the lungs, which
distends these vessels, decreases resistance,
and increases blood flow to the lower regions.
In contrast, vessels located in the upper re-
gions of the lungs have reduced intravascular
pressures; this increases resistance and re-
duces blood flow when a person is standing.
Changes in intrapleural pressure during respi-
ration (see Chapter 5) alter the transmural
pressure that distends the vessels. For exam-
ple, during normal inspiration, the fall in in-
trapleural pressure increases vascular trans-
mural pressure, which distends nonalveolar
vessels, decreases resistance, and increases re-
gional flow. The opposite occurs during a
forced expiration, particularly against a high
resistance (e.g., Valsalva maneuver). The cap-
illaries associated with the alveoli are com-
pressed as the alveoli fill with air during inspi-
ration. With very deep inspirations, this
capﬂlary compression can cause an increase in
overall pulmonary resistance.

The primary purpose of the pulmonary cir-
culation is to perfuse alveoli for the exchange
of blood gasses. Gas exchange depends, in
part, on diffusion distances and the surface
area available for exchange. The capillary-
alveolar arrangement is such that diffusion dis-
tances are minimized and surface area is max-
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TABLE 7-2 COMPARISON OF VASCULAR CONTROL MECHANISMS
IN DIFFERENT VASCULAR BEDS

CIRCULATORY BED SYMPATHETIC CONTROL METABOLIC CONTROL AUTOREGULATION
Coronary 4 AR +++
Cerebral + SEhb +4++
Skeletal muscle 4rr +++ A
Cutaneous R + +
Intestinal HFaF ++ ++
Renal 4Fr + TR
Pulmonary +F +2 4

++4+, strong; ++, moderate, +, weak. ' Sympathetic vasoconstriction in the coronaries is overridden by metabolic
vasodilation during sympathetic activation of the heart. 2 Hypoxia causes vasoconstriction, the opposite of all other

organs.

imized. Pulmonary capillaries differ from their
systemic counterparts in that they form thin
interconnecting sheets around and between
adjacent alveoli, which greatly increase their
surface area and reduce diffusion distances.

Unlike other organs, alveolar or arterial
hypoxia causes pulmonary vasoconstriction.
The mechanism is not known; however, evi-
dence suggests that endothelin, reactive oxy-
gen species, leukotrienes, and thromboxanes
may be involved. This hypoxic vasoconstric-
tion, especially in response to regional varia-
tions in ventilation, helps to maintain normal
ventilation-perfusion ratios in the lung.
Maintenance of normal ventilation-perfusion
ratios is important because high blood flow to
hypoxic regions, for example, would decrease
the overall oxygen content of the blood leav-
ing the lungs.

Sympathetic adrenergic innervation of the
pulmonary vasculature occurs, and sympathetic
activation increases pulmonary vascular resis-
tance and pulmonary artery pressure. Sym-
pathetic activation also decreases pulmonary
vascular compliance and mobilizes pulmonary
blood volume to the systemic circulation.

Summary of Special Circulations

Perfusion pressure and vascular resistance de-
termine blood flow in organs. Under normal
circumstances, the perfusion pressure re-

mains fairly constant owing to baroreceptor
mechanisms. Therefore, the primary means
by which blood flow changes within an organ
is by changes in vascular resistance, which is
influenced by extrinsic factors (e.g., sympa-
thetic nerves and hormones) and intrinsic fac-
tors (e.g., tissue metabolites and endothelial-
derived substances). Basal vascular tone is
determined by the net effect of the extrinsic
and intrinsic factors acting on the vasculature.
Resistance can either increase or decrease
from the basal state by alterations in the rela-
tive contribution of extrinsic and intrinsic fac-
tors. Table 7-2 summarizes the relative impor-
tance of sympathetic and metabolic control
mechanisms and the intrinsic autoregulatory
capacity of several major organ vascular beds.

SUMMARY OF IMPORTANT
CONCEPTS

e The relative distribution of blood flow to
organs is regulated by the vascular resis-
tance of the individual organs, which is de-
termined by extrinsic (neurohumoral) and
intrinsic (local regulatory) mechanisms.

e Important local mechanisms regulating or-
gan blood flow include the following: (1)
tissue factors such as adenosine, K*, O,,
CO,, and H™; (2) paracrine hormones such
as bradykinin, histamine, and prosta-
glandins; (3) endothelial factors such as
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nitric oxide, endothelin-1, and prostacyclin;
and (4) myogenic mechanisms intrinsic to
the vascular smooth muscle.

The following local factors produce vasodi-
lation in most tissues: adenosine, K*, H*,
CO,, hypoxia, bradykinin, histamine,
prostaglandin E,, prostacyclin, and nitric
oxide. The following local factors produce
vasoconstriction: endothelin-1 and the
myogenic response to vascular stretch.
Mechanical compression of blood vessels
strongly influences blood flow in the coro-
nary circulation and in contracting skeletal
muscle.

Autoregulation, which is the intrinsic abil-
ity of an organ to maintain a constant blood
flow despite changes in perfusion pressure,
is important in organs such as the heart,
brain, and kidneys; the gastrointestinal and
skeletal muscles circulations show moder-
ate autoregulation.

In organs such as the heart, brain, skeletal
muscle, and gastrointestinal tract, blood
flow is tightly coupled to oxidative metabo-
lism; therefore, an increase in tissue oxygen
consumption leads to an increase in blood
flow. This is called active or functional hy-
peremia.

Blood flow in the following organs is mod-
erately to strongly influenced by sympa-
thetic vasoconstrictor mechanisms: resting
skeletal muscle, kidneys, gastrointestinal
circulation, and skin (related to thermoreg-
ulation).

Vascular control mechanisms linked to ox-
idative metabolism (metabolic mecha-
nisms) are particularly strong in the heart,
brain, and skeletal muscle.

c. Increased interstitial K*
d. Increased release of endothelin-1

2. Two minutes after perfusion pressure to
the kidney is suddenly reduced from 100
mm Hg to 70 mm Hg, which of the fol-
lowing will occur?

a. Afferent arterioles will be dilated.

b. Renal blood flow will be reduced by
30%.

c. Renal vascular resistance will be in-
creased.

d. The kidney will become hypoxic.

3. If a coronary artery is occluded for one
minute and then the occlusion is released,
a. A period of active hyperemia fol-

lows.

b. Coronary flow will increase because
of vasoconstriction occurring during
the ischemia.

c. Endothelial release of nitric oxide
will contribute to the reactive hyper-
emia.

d. Interstitial adenosine concentrations
will increase and constrict coronary
arterioles.

4. Which one of the following organ circula-

tions is most strongly constricted
during sympathetic activation resulting
from a baroreceptor reflex when a person
suddenly stands up?

a. Brain

b. Heart

c. Intestine

d. Skin

Match the organs listed in questions 5-10
with answers “a” through “i” below. Each
question may have more than one correct an-
SWer.

Answers:

Please refer to the appendix for the answers
to the review questions.

For each question, choose the one best
answer:

1. Which of the following causes vasodilation

in most vascular beds?
a. Decreased tissue pCO,
b. Increased tissue pO,

a.

o

Blood flow is primarily regulated by
CO, and H™.

. Capillary beds found between two

in-series arterioles
Hypoxic vasoconstriction

. Highest capillary pressure

Highest arterial-venous oxygen dif-
ference
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f. Abundant arterial-venous anasto-
moses

g. Largest organ mass

h. Receives most of its blood supply di-
rectly from other organs

i. Controlled primarily by hypothala-
mic thermoregulatory centers

Skin circulation
Renal circulation
Coronary arteries
Pulmonary circulation
Cerebral circulation

Skeletal muscle circulation
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LEARNING OBJECTIVES

Understanding the concepts presented in this chapter will enable the student to:

1. Describe the principal mechanisms by which each of the following moves across the capil-
lary endothelium: lipid-insoluble substances, lipid-soluble substances, fluid, and elec-
trolytes.

2. Write out and explain Fick’s First Law for diffusion.

3. Name three different types of capillaries; know the organs in which they are found, and
describe their differences in permeability to macromolecules and fluid.

4. Describe the factors that determine oxygen'’s rate of exchange between the microcircula-
tion and tissue.

5. Describe how changes in tissue (interstitial) and plasma hydrostatic and oncotic pressures
affect transcapillary fluid movement.

6. Explain how changes in each of the following affect capillary pressure: arterial and ve-
nous pressures, precapillary and postcapillary resistances.

7. Explain what determines the rate of fluid movement across capillaries for a given net dri-
ving force of hydrostatic and oncotic pressures.

8. Explain why changes in venous pressure have a greater affect on capillary pressure than
do changes in arterial pressure.

9. Explain why oncotic pressure (colloid osmotic pressure) rather than total osmotic pressure
governs fluid exchange across the capillary.

10. Describe the significance of the reflection coefficient for proteins in terms of how it af-
fects the oncotic pressure generated by proteins.

11. Describe the function of lymphatics in the maintenance of interstitial fluid volume.

12. Describe how changes in capillary hydrostatic pressure, plasma oncotic pressure, capillary
permeability, and lymphatic function can lead to tissue edema.
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INTRODUCTION

The microcirculation consists of small arter-
ies, arterioles, capillaries, venules, small veins,
and small lymphatic vessels found within or-
gans and tissues (see Chapter 5, Fig. 5-1).
These vessels have several important func-
tions. First, the small arteries and arterioles
are the principal sites of resistance within the
systemic circulation and therefore play a ma-
jor role in the regulation of arterial blood
pressure and blood flow within organs (see
Chapter 5). Second, venules and small veins
have an important capacitance function and
therefore determine the distribution of blood
volume within the body. Third, the microcir-
culation allows passage of leukocytes from the
blood into the extravascular space. Fourth, the
microcirculation is the exchange site of gases,
nutrients, metabolic wastes, and thermal
energy between the blood and tissues.
Capillaries are quantitatively the most impor-
tant site for exchange because of their physi-
cal structure (small volume-to-surface area ra-
tio and thin walls), large number, and
enormous surface area available for exchange.

This chapter focuses on the exchange function
of capillaries.

MECHANISMS OF EXCHANGE

Fluid, electrolytes, gases, and small and large
molecular weight substances transverse the
capillary endothelium by several different
mechanisms: diffusion, bulk flow, vesicular
transport, and active transport (Fig. 8-1).
Diffusion is the movement of a molecule from
a high concentration to a low concentration.
This mechanism of exchange is particularly
important for gases (O, and CO,) and other
lipid-soluble substances (e.g., steroid hor-
mones, anesthetics). Fluid and electrolytes
also are exchanged across the endothelium, in
part, by diffusion.

The movement of a substance by diffusion
is described by Fick’s First Law of diffusion
(Equation 8-1), in which the movement of a
molecule per unit time (flux Jg; moles/sec)
equals the diffusion constant (D) of the bar-
rier (e.g., capillary wall) multiplied by the sur-
face area (A) available for diffusion and the
concentration gradient (AC/AX), which is the

) ) Active
Diffusion Bulk Flow Vesicles Transport
°
Blood '\: |
Endothelial °
Cell >
[}
]
)
[ ]
Tissue ¢ y o
Interstitium ¢
0,, CO,, ,0,
lipid-soluble electrolytes, Macro- lons, small
substances small molecules molecules molecules

FIGURE 8-1 Mechanisms of exchange across the capillary endothelium. Lipid-soluble substances like oxygen and car-
bon dioxide readily exchange across capillary endothelial cells by diffusion. Water and electrolytes move across the
endothelium primarily by bulk flow through intercellular clefts (“pores”). Vesicular transport mechanisms move large
molecules across the endothelium. Active transport mechanisms move ions and other small molecules across the en-
dothelium.
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concentration difference across the barrier
(AC) divided by the diffusion distance (AX).

A
Js = DA*C

Eq. 8-1 AX

The diffusion constant is a value that repre-
sents the ease with which a specific substance
can cross the capillary wall (or other barrier)
by diffusion. The diffusion constant of a capil-
lary wall is different for different substances.
For example, the diffusion constant for oxy-
gen is very high compared to glucose.

Therefore, Equation 8-1 tells us that the
rate of diffusion is directly related to the con-
centration difference, the diffusion constant,
and the area available for diffusion, and it is
inversely related to the diffusion distance. The
diffusion distance (AX) in Equation 8-1 is
sometimes combined with the diffusion con-
stant (D) and called the permeability coeffi-
cient (P). This simplifies Equation 8-1 to Js =
PS(AC) in which S is the surface area available
for exchange. The combined value of the per-
meability coefficient times the surface area
has been calculated for different substances in
many organs and tissues; it is called the PS
product.

A second mechanism for exchange is bulk
flow. This mechanism is important for the
movement of water and lipid-insoluble sub-
stances across capillaries. Bulk flow of fluid
and electrolytes and of small molecules occurs
through intercellular clefts between endothe-
lial cells (see Fig. 8-1). These extracellular
pathways are sometimes referred to as
“pores.”

The physical structure of capillaries varies
considerably among organs; these differences
greatly affect exchange by bulk flow. Some
capillaries (e.g., skeletal muscle, skin, lung,
and brain) have a very “tight” endothelium
and continuous basement membrane (termed
continuous capillaries), which reduces bulk
flow across the capillary wall. In contrast,
some vascular beds have fenestrated capil-
laries (e.g., in exocrine glands, renal
glomeruli, and intestinal mucosa), which have
perforations (fenestrae) in the endothelium,
resulting in relatively high permeability and
bulk flow. Discontinuous capillaries (found

in the liver, spleen, and bone marrow) have
large intercellular gaps, as well as gaps in the
basement membrane, and therefore have the
highest permeability.

Bulk flow follows Poiseuille’s equation for
hydrodynamic flow (see Chapter 5, Equation
5-6). Changes in pressure gradients (either
hydrostatic or colloid osmotic) across a capil-
lary alter fluid movement across the capillary.
In addition, changes in the size and number of
“pores” or intercellular clefts alter exchange.
Pore size and path length are analogous to
vessel radius and length in Poiseuille’s equa-
tion; they are major factors in the resistance to
bulk flow across capillaries. In some organs,
precapillary sphincters (circular bands of
smooth muscle at the entrance to capillaries)
can regulate the number of perfused capillar-
ies. An increase in perfused capillaries in-
creases the surface area available for fluid ex-
change and the net movement of fluid across
capillaries by bulk flow.

Vesicular transport is a third mechanism
by which exchange occurs between blood and
tissue. This mechanism is particularly impor-
tant for the translocation of macromolecules
(e.g. proteins) across capillary endothelium.
Compared to diffusion and bulk flow, vesicu-
lar transport plays a relatively minor role in
transcapillary exchange (except for macromol-
ecules). Evidence exists, however, that vesi-
cles can sometimes fuse together, creating a
channel through a capillary endothelial cell,
thereby permitting bulk flow to occur.

Active transport is a fourth mechanism of
exchange. Some molecules (e.g., ions, glucose,
amino acids) are actively transported across
capillary endothelial cells; however, this is not
normally thought of as a mechanism for ex-
change between plasma and interstitium, but
rather as a mechanism for exchange between
an individual cell and its surrounding milieu.

EXCHANGE OF OXYGEN
AND CARBON DIOXIDE

Oxygen diffuses from the blood to the tissues
to support mitochondrial respiration. The
lipid solubility of oxygen enables it to readily
diffuse through tissues; however, the distance
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that oxygen is able to diffuse within a tissue is
limited by cellular utilization of oxygen. For
example, as oxygen diffuses out of a capillary
in skeletal muscle, the muscle cells adjacent to
the capillary take up the oxygen for use by the
mitochondria. Consequently, little oxygen dif-
fuses all the way through one cell to reach an-
other. Therefore, in tissues having a high de-
mand for oxygen, it is essential that the
capillary density is great enough to provide
short diffusion distances.

Large amounts of oxygen diffuse across the
capillaries not only because of their thin walls
and high diffusion constant for oxygen, but
more importantly, because of their large sur-
face area available for diffusion. It has been
observed that significant amounts of oxygen
also diffuse out of arterioles. Some of this oxy-
gen diffuses through arteriolar walls into the
surrounding cells, and in some cases, it dif-
fuses from arterioles into the venules that of-
ten are found adjacent to arterioles. Normally,
systemic arterial blood is fully saturated with
oxygen and has a pO, of about 95 mm Hg.
Direct measurements of pO,in small arteri-
oles (20-80 w. diameter) of some tissues reveal
that the pO, is only 25-35 mm Hg, which cor-
responds to a 30% to 60% loss of oxygen con-
tent of the blood. Therefore, substantial
amounts of oxygen diffuse out of the blood be-
fore the blood reaches the capillaries; how-
ever, capillaries are the most important site for
tissue oxygenation because the relatively high
capillary density ensures that diffusion dis-
tances between the blood and tissue cells are
short.

Because oxygen diffusion follows Fick’s
First Law (Equation 8-1), the rate of oxygen
diffusion can be enhanced by increasing arte-
rial pO,, decreasing tissue pO,, or increasing
the area available for diffusion (i.e., increasing
the number of flowing vessels, particularly
capillaries). For a single capillary having a
fixed diffusion constant, diffusion length, and
surface area, the rate of oxygen diffusion (JO,)
primarily depends on the concentration dif-
ference of oxygen (expressed as pO, differ-
ence) between the capillary blood and the tis-
sue surrounding the capillary (the pO,
difference is 20 mm Hg in Figure 8-2).

Capillary Interstitium
pO2 =

25 mmHg AC = 25— 5 mm Hg

=20 mm Hg

pO2 =
5 mm Hg

JO, = DA (AC/AX)
JO2 < AC

FIGURE 8-2 Diffusion of oxygen (JO,) from capillaries
into the tissue follows Fick's First Law of diffusion.
Because the diffusion constant (D), the area for ex-
change (A), and the diffusion distance (AX) remain rel-
atively constant in a single capillary, the diffusion of oxy-
gen is governed primarily by the difference in partial
pressure of oxygen (pO,) between the blood and tissue
(AC), which is 20 mm Hg in this example. Increasing the
pO, difference increases the rate of diffusion.

Therefore, increasing capillary blood pO, (as
occurs when a person breathes pure oxygen)
or decreasing tissue pO, (as occurs with in-
creased tissue oxygen consumption) increases
the rate of oxygen diffusion into the tissue.
Capillary pO, is also increased by dilation of
resistance vessels. This increases microvascu-
lar blood flow, thereby delivering more oxygen
to the capillaries per unit time, which results
in higher pO, values in the capillary blood. If
vasodilation is accompanied by an increase in
the number of flowing capillaries (as occurs
during skeletal muscle contraction), this in-
creases the surface area available for oxygen
diffusion and further enhances oxygen trans-
port into the tissue.

Carbon dioxide is a by-product of oxidative
metabolism and must be removed from the
tissue and transported to the lungs by the
blood. Like oxygen, carbon dioxide is very
lipid-soluble and readily diffuses from cells
into the blood. In fact, its diffusion constant is
about 20 times greater than oxygen in aqueous
solutions. The removal of carbon dioxide from
tissues is not diffusion-limited; its removal de-
pends primarily on the blood flow. Therefore,
reduced tissue perfusion leads to an increase
in tissue and venous pCO,.
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TRANSCAPILLARY FLUID EXCHANGE

The body is comprised of two basic fluid com-
partments: intravascular and extravascular.
The intravascular compartment contains fluid
(i.e., blood) within the cardiac chambers and
blood vessels of the body. The extravascular
system is everything outside of the intravascu-
lar compartment. The extravascular compart-
ment is made up of many subcompartments
such as the cellular, interstitial, and lymphatic
subcompartments and a specialized system
containing cerebrospinal fluid within the cen-
tral nervous system.

Fluid readily exchanges between the in-
travascular and extravascular compartments.
Fluid leaves blood vessels (primarily capillar-
ies) and enters the tissue interstitium of the
extravascular compartment. This is called
fluid filtration (Fig. 8-3). It is estimated that
about 1% of the plasma is filtered into the in-
terstitium in a typical organ. The interstitial
fluid is exchanged with the fluid found within
the subcompartments of the extracellular
compartment. It is crucial that a steady state is
achieved in which the same volume of fluid
that leaves the vasculature is returned to the
vasculature; otherwise the extravascular com-
partment would swell with fluid (i.e., become
edematous).

Capillary

Filtration

There are two routes by which fluid is re-
turned to the blood. First, fluid reabsorp-
tion returns most of the filtered fluid to the
blood at the venular end of capillaries or at
postcapillary venules (see Fig. 8-3). The rate
of reabsorption is less than filtration; therefore
a second mechanism is required to maintain
fluid balance. This second mechanism in-
volves lymphatic vessels. These specialized
vessels, similar in size to venules, comprise an
endothelium with intercellular gaps sur-
rounded by a highly permeable basement
membrane. Terminal lymphatics end as blind
sacs within the tissue. The terminal lymphat-
ics take up the excess fluid (including elec-
trolytes and macromolecules) and transport it
into larger lymphatics that leave the tissue. It
is estimated that 5% to 10% of capillary filtra-
tion is transported out of tissues by the lym-
phatics. The larger lymphatics have smooth
muscle cells that undergo spontaneous vaso-
motion that serves to “pump” the lymph.
Vasomotion is spontaneous rhythmic contrac-
tion and relaxation of the lymphatic vessels.
Evidence exists that as a lymphatic vessel fills
with fluid, the increased pressure stretches
the vessel and induces a myogenic contrac-
tion. Sympathetic nerves can modulate this
vasomotion. Lymphatic vessels contain one-

Reabsorption

Lymphatic

Filtration = Reabsorption + Lymph Flow

FIGURE 8-3 Capillary filtration, reabsorption, and lymph flow. Fluid filters out of the arteriolar end of the capillary
and into the interstitium. Most of this fluid is reabsorbed at the venular end of the capillary, with the rest of the fluid
entering terminal lymphatics to be carried away from the tissue and eventually returned to the blood. Fluid exchange
is in balance (i.e., at a steady state) when filtration equals reabsorption plus lymph flow.
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way valves that direct lymph away from the
tissue and eventually back into the systemic
circulation via the thoracic duct and subcla-
vian veins. Approximately 2-4 I/day of lymph
are returned to the circulation by this manner.

In the steady state, the rate of fluid enter-
ing the tissue interstitium by filtration is the
same as that of the fluid leaving the tissue by
capillary reabsorption and lymph flow. That is,
filtration equals reabsorption plus lymph flow.
When this balance is altered, the volume and
pressure of fluid within the interstitium
changes. For example, if net filtration tran-
siently increases and lymph flow does not in-
crease to the same extent, interstitial volume
and pressure will increase, causing edema.
Factors that cause edema are discussed in the
last section of this chapter.

Physical Mechanisms Governing
Fluid Exchange

The movement of fluid across a capillary is
determined by several physical factors: the hy-
drostatic pressure, oncotic pressure, and phys-
ical nature of the barrier (i.e., the permeabil-
ity of the capillary wall) separating the fluid in
the blood from the fluid within the intersti-
tium. As described earlier, the movement of
fluid can be related to Poiseuille’s equation for

NDF

hydrodynamic flow (see Equation 5-6), or in
more simplified terms, to the general hydro-
dynamic equation (Equation 5-3) that relates
flow (F), driving pressure (AP), and resistance
(R) (ie., F = AP/R). A more common way to
express this hydrodynamic equation for tran-
scapillary fluid exchange is to substitute vascu-
lar conductance (C) for resistance, which are
reciprocally related (i.e., F = C - AP). Fluid
flux is the number of molecules of water (or
volume) per unit time that moves across the
exchange barrier; therefore, fluid flux can be
expressed in similar units as flow. If net fluid
flux (]) is substituted for flow, net driving force
(NDF) is substituted for driving pressure
(AP), and filtration constant (K;) and surface
area (A) are substituted for vascular conduc-
tance, the following relationship is obtained
(Equation 8-2):

Eq. 8-2 J = K; - A (NDF)

Equation 8-2 and Figure 8-4 show that net
fluid movement (fluid flux, ) is directly re-
lated to the filtration constant (K), the sur-
face area available for fluid exchange (A), and
the net driving force (NDF). At a given NDF
(assuming that the NDF is not equal to zero),
the amount of fluid filtered or reabsorbed per
unit time is determined by the filtration con-
stant and surface area available for exchange.

>
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ﬁ

@)

K.-A

J = K.*A (NDF)

FIGURE 8-4 Factors determining fluid movement. The rate of fluid movement (flux, J) across the capillary endothe-
lium, designated as water molecules in this figure, is determined by the net driving force (NDF), the capillary filtra-
tion constant (Kj), and the capillary surface area (A) available for exchange.
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The filtration constant is determined by the
physical properties of the barrier (i.e., size and
number of “pores” and the thickness of the
capillary barrier), and therefore it represents
the permeability of the capillaries. For exam-
ple, fenestrated capillaries have a higher K
(ie., permeability) than continuous capillar-
ies. Furthermore, paracrine substances such
as histamine, bradykinin, and leukotrienes in-
crease Ky. The surface area (A) is primarily re-
lated to the length, diameter, and number of
vessels (capillaries and postcapillary venules)
available for exchange. The surface area is dy-
namic in vascular beds such as skeletal mus-
cle. In that tissue, the number of perfused
capillaries can increase several-fold during ex-
ercise. In experimental studies using whole
organs, K and A are combined and called the
capillary filtration coefficient (CFC).

The direction of fluid movement (filtration
or reabsorption) in Equation 8-2 depends on
whether the NDF is positive (filtration) or
negative (reabsorption). If the NDF is zero,
no net fluid movement occurs even if K and
A are very large.

The NDF is determined by hydrostatic and
oncotic forces. Two hydrostatic and two on-
cotic pressures affect transcapillary fluid ex-
change: capillary hydrostatic pressure, tissue
(interstitial) hydrostatic pressure, capillary
(plasma) oncotic pressure, and tissue (intersti-
tial) oncotic pressure (Fig. 8-5). These physi-
cal forces are sometimes referred to as
Starling forces in honor of Ernest Starling,
who pioneered much of the early research on
capillary fluid exchange. The net hydrostatic
pressure driving fluid out of the capillary (fil-
tration) is the intracapillary pressure minus
the interstitial hydrostatic pressure (P, — P,).
The net oncotic pressure drawing fluid into
the capillary (reabsorption) is the capillary
plasma oncotic pressure minus the interstitial
oncotic pressure (, - ).

Capillary hydrostatic pressure (P.)
drives fluid out of the capillary, and it is high-
est at the arteriolar end of the capillary and
lowest at the venular end. Depending on the
organ, the pressure may drop along the length
of the capillary (axial or longitudinal pressure
gradient) by 15-30 mm Hg owing to capillary

NDF = (P, - P)) - o(Tt - ;)

Filtration: NDF >0
Reabsorption: NDF <0

FIGURE 8-5 Net driving force for fluid movement across
capillaries. Hydrostatic and oncotic pressures within the
capillary (P, ) and the tissue interstitium (P, ) de-
termine the net driving force (NDF) for fluid movement
out of the capillary (filtration) or into the capillary (reab-
sorption). The hydrostatic pressure difference favors fil-
tration (red arrow) because P_is greater than P,. The on-
cotic pressure difference favors reabsorption (black
arrow) because  is greater than . The oncotic pres-
sure difference is multiplied by the reflection coefficient
(o), a factor that represents the permeability of the cap-
illary to the proteins responsible for generating the on-
cotic pressure.

resistance. Because of this pressure gradient
along the capillary length, filtration is favored
at the arteriolar end of the capillary where
capillary hydrostatic pressure is greatest.

The average capillary hydrostatic pressure
is determined by arterial and venous pres-
sures (P, and P), and by the ratio of post-to-
precapillary resistances (R\/R,). An increase
in either arterial or venous pressure in-
creases capillary pressure; however, the ef-
fects of elevations in venous pressure are
much greater than those of an equivalent el-
evation in arterial pressure. The reason for
this is that postcapillary resistance is much
lower than precapillary resistance. In most
organs, the precapillary resistance is five to
ten times greater than postcapillary resis-
tance; therefore, R\/R, ranges from 0.1 to
0.2. If we assume that Ry/R, = 0.2, the fol-
lowing relationship (Equation 8-3) can be
derived (for details, see Capillary Pressure
on CD):
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Eq. 8-3 (&) P4+ p
RA A \%
A 0.2P, + P
] e
Ra

Equation 8-3 shows that increasing ve-
nous pressure by 20 mm Hg increases mean
capillary pressure by 16.7 mm Hg. In con-
trast, increasing arterial pressure by 20 mm
Hg increases mean capillary pressure by only
3.3 mm Hg. The reason for this difference is
that the high precapillary resistance blunts
the effects of increased arterial pressure on
the downstream capillaries. Therefore, mean

capillary hydrostatic pressure is more
strongly influenced by changes in venous
pressure than by changes in arterial pressure.
This has significant clinical implication.
Conditions that increase venous pressure
(e.g., right ventricular failure, cirrhosis of the
liver, venous thrombosis) can lead to edema
in peripheral organs and tissues by increasing
capillary hydrostatic pressure and capillary
fluid filtration.

Tissue (interstitial) hydrostatic pres-
sure (P;) is the pressure within the tissue in-
terstitium that is exerted against the outside
wall of the capillary, and therefore opposes

PROBLEM 8-1

pressure caused by the heart failure.

1.15

from:

Ry

In an experimental study, the control mean arterial and venous pressures perfusing an
organ are 90 mm Hg and 10 mm Hg, respectively, and the post-to-precapillary resis-
tance ratio is 0.20. After inducing heart failure, the mean arterial pressure falls to 80
mm Hg, and the venous pressure increases to 20 mm Hg. Furthermore, the post-to-pre-
capillary resistance ratio decreases to 0.15. Calculate the increase in mean capillary

Use Equation 8-3 to calculate the mean capillary pressure for both the control condi-
tion and the condition during heart failure. The difference represents the increase in
capillary pressure caused by the heart failure.

(&)eu
A . +
Control: P. = Ry = w = 23.3 mm Hg
14+ (— 1.2
(%)
. +
Heart Failure: P. = w = 27.8 mm Hg

Therefore, capillary pressure increased by 4.5 mm Hg.

Note: This problem illustrates the relationship between capillary pressure, arterial and
venous pressures, and precapillary and postcapillary resistances. In an actual ex-
perimental study, unlike this problem, the capillary pressure would be measured
and the precapillary and postcapillary resistances would be calculated because
these resistances can only be known if capillary, arterial, and venous pressures
are first known. The ratio of post-to-precapillary resistances can be calculated

_ (Pc B Pv)
RA ; (PA - Pc)

This calculation assumes that the precapillary flow equals the postcapillary flow, which
generally is an acceptable assumption (see Capillary Pressure on CD).
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the capillary hydrostatic pressure. This pres-
sure is determined by the interstitial fluid vol-
ume and the compliance of the tissue (see
Interstitial Compliance on CD). In many tis-
sues under normal states of hydration, tissue
hydrostatic pressure is subatmospheric by a
few millimeters of mercury (mm Hg),
whereas in others it is slightly positive by a
few mm Hg. Increased tissue fluid volume, as
occurs during states of enhanced capillary
fluid filtration or lymphatic blockage, in-
creases tissue hydrostatic pressure. In con-
trast, dehydration reduces tissue hydrostatic
pressure.

Capillary plasma oncotic pressure ()
is the osmotic pressure within the capillary
that is determined by the presence of pro-
teins. Because this is an osmotic force within
the plasma, it opposes filtration and pro-
motes reabsorption. Because the capillary
barrier is readily permeable to ions, the ions
have no significant effect on osmotic pres-
sure within the capillary (see Osmosis and
Osmotic Pressure on CD). Instead, the os-
motic pressure is principally determined by
plasma proteins that are relatively imperme-
able. Rather than being called “osmotic”
pressure, this pressure is referred to as the
“oncotic” pressure or “colloid osmotic” pres-
sure because it is generated by macromolec-
ular colloids. Albumin, the most abundant
plasma protein, generates about 70% of the
oncotic pressure; globulins and fibrinogen
generate the remainder of the oncotic pres-
sure. The plasma oncotic pressure typically is
25-30 mm Hg. The oncotic pressure in-
creases along the length of the capillary, par-
ticularly in capillaries having high net filtra-
tion (e.g., renal glomerular capillaries). This
occurs because the filtered fluid leaves be-
hind proteins, increasing the plasma protein
concentration.

When oncotic pressure is determined, it is
measured across a semipermeable mem-
brane—i.e., a membrane that is permeable to
fluid and electrolytes but not permeable to
large protein molecules. In most capillaries,
however, the endothelial barrier has a finite
permeability to proteins. The actual perme-
ability to proteins depends on the type of cap-

illary and on the nature of the proteins (size,
shape, and charge). Because of this finite per-
meability, the effective oncotic pressure gen-
erated across the capillary membrane is less
than that calculated from the protein concen-
tration. The reflection coefficient (o) across
a capillary is the effective oncotic pressure di-
vided by the oncotic pressure, calculated from
the concentration difference of the proteins
across the capillary wall. If the capillary is im-
permeable to protein, o = 1. If the capillary is
freely permeable to protein, o = 0. Continuous
capillaries have a high o (greater than 0.9),
whereas discontinuous capillaries, which are
very “leaky” to proteins, have a relatively low
o. In the latter case, plasma and tissue oncotic
pressures may have a negligible influence on
the NDF. Therefore, the effective oncotic
pressure is the oncotic pressure calculated
from the protein concentrations multiplied by
the reflection coefficient for capillaries in a
particular tissue.

The tissue (or interstitial) oncotic pres-
sure (), a force that promotes filtration, is
determined by the interstitial protein concen-
tration and the reflection coefficient of the
capillary wall for those proteins. The protein
concentration is influenced, in part, by the
amount of fluid filtration into the interstitium.
For example, increased capillary filtration into
the interstitium decreases interstitial protein
concentration and reduces the oncotic pres-
sure. This effect of filtration on protein con-
centration serves as a mechanism to limit ex-
cessive capillary filtration. The interstitial
oncotic pressure, which is typically about 5
mm Hg, acts on the capillary fluid to enhance
filtration and oppose reabsorption.

Together, the hydrostatic and oncotic
forces are related to the NDF as shown in
Equation 8-4. The net hydrostatic pressure,
which normally promotes filtration, is repre-
sented by (P. — P,). The net oncotic pressure,
which promotes reabsorption, is represented
by m, — ), multiplied by the reflection coeffi-
cient (o). This equation shows that the NDF
is increased by increases in P, and 1, and de-
creased by increases in P; and ..

Eq.8-4 NDF = (P. — P) — o(m. — m)
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If the above expression for NDF is incor-
porated into Equation 8-2, the following
equation is derived:

Eq.85 J =K Al(P. — P) —o (7. — )]

The expression in brackets represents the
NDF. If the NDF is positive, filtration occurs,
and if it is negative, reabsorption occurs. For a
given NDF, the rate of fluid movement (J) is
determined by the product of Ky and A.

Capillary Exchange Model

Capillary fluid exchange can be modeled as
shown in Figure 8-6. This model assumes that
the following values remain constant along
capillary length: P, = 1 mm Hg, w. = 25 mm
Hg, m, = 6 mm Hg, and 0= 1. According to
Equation 8-4, if P, is 30 mm Hg at the en-
trance to the capillary and falls linearly to 15
mm Hg at the end of the capillary, the NDF
changes from +10 at the entrance of the cap-
illary to -5 at the end of the capillary.
Filtration occurs along most of the length of
the capillary wherever NDF is greater than
zero. Reabsorption occurs where NDF is less
than zero, which is near the venular end of the
capillary. Net fluid movement is zero at the
point along the capillary where NDF = 0. The
rate of filtration or reabsorption (J) depends
on the product of Kyand A, and the NDF.

Arteriole Venule

Capillary
Filtration
30
20
Pe

10
0

Reab

NDF \
Filtr N

Capillary Length

FIGURE 8-6 Model of capillary fluid exchange.
Assuming that P, =1, m. = 25, m = 6 mm Hg, and ¢ =
1, and assuming that capillary hydrostatic pressure (P.)
at the beginning and end of the capillary are 30 mm Hg
and 15 mm Hg, respectively, the net driving force
[NDF = (P.— P;) — (mc— )] is positive along most of the
length of the capillary, which causes filtration (Filtr) to
occur. Near the venular end of the capillary, the NDF is
less than zero and reabsorption (Reab) occurs.

PROBLEM 8-2

answer the following questions:

change?
Answer:

the NDF = 7 mm Hg.

Given that P, = 22 mm Hg, P, = -3 mm Hg, w. =26 mm Hg, w; = 6 mm Hg, and o = 0.9,

a) What is the net driving force for transcapillary fluid exchange?

b) Is filtration or reabsorption occurring?

¢) If the product of K- and A is doubled, what will happen to the net rate of fluid
movement across the capillary, assuming that the net driving force does not

a) The net driving force, NDF = [(P. - P)) — o(m. — m)]. Substituting the given values,

NDF = [22 - (-3)] - 0.9 [(26 - 6)] = 7 mm Hg
b) Because the NDF is greater than zero, filtration is occurring.
¢) The net rate of fluid movement, J = K; - A (NDF). Therefore, if the product of K; and
A is doubled, then J (the filtration in this problem) is doubled because the NDF = 0.
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This model is highly simplified because it
assumes that P, w., and m; remain constant,
which does not occur in vivo. As fluid leaves
the arteriolar end of the capillary, 7 increases,
P, increases, and 1, decreases. These changes
oppose the filtration. For most capillaries, the
fraction of fluid filtered from the capillary (fil-
tration fraction) is less than 1%, so P, m., and
w; do not change appreciably. Renal capillar-
ies, however, are different because the filtra-
tion fraction in these capillaries is very high
(approximately 20%), which leads to signifi-
cant increases in plasma oncotic pressure. In
non-renal capillaries, if capillary permeability
is increased, or if capillary hydrostatic pres-
sure is increased to high levels by venous oc-
clusion or heart failure, the increase in filtra-
tion can lead to significant changes in P, m,,
and ; in a manner that opposes and therefore
limits the net filtration of fluid.

Lymphatics (not shown in Fig. 8-6) pick up
excess filtered fluid and transport it out of the
tissue. When net filtration increases, lym-
phatic flow also increases. The lymphatics,
therefore, along with the dynamic changes in
P., P, 7., and m; help to maintain a proper
state of interstitial hydration and thereby pre-
vent edema from occurring,

EDEMA FORMATION

When the fluid volume within the interstitial
compartment increases because filtration ex-
ceeds the rate of capillary reabsorption plus
lymphatic flow, the interstitial compartment
increases in volume, leading to tissue swelling
(i.e., edema). The change in interstitial pres-
sure that results from an increase in intersti-
tial volume depends on the compliance of
the interstitial compartment. For example,
edema in the brain causes large increases in
interstitial pressure because of the rigid cra-
nium (i.e., low compliance). Soft, highly com-
pliant tissues such as the skin and subcuta-
neous tissues can undergo considerable
swelling before substantial increases in tissue
pressure occur.

Edema can damage organs and, in some
cases, cause death. For example, cerebral
edema following brain trauma can lead to cel-

lular death because the increased interstitial
pressure damages neurons and causes tissue
ischemia by compressing blood vessels. Even
in tissues that are relatively compliant, such as
skin and skeletal muscle, severe edema can
lead to tissue necrosis. Pulmonary edema can
be life threatening because gas exchange is
impaired.

Table 8-1 lists some of the many causes of
edema. Every cause of edema can be related
to one or more of the following:

e Increased capillary hydrostatic pressure
e Increased capillary permeability

* Decreased plasma oncotic pressure

e Lymphatic obstruction

The most common cause of edema is ele-
vated capillary pressure, such as occurs during
heart failure or venous obstruction. Both con-
ditions increase venous pressure, which is
transmitted back to the capillaries, causing an
increase in fluid filtration. Localized edema in
tissues is commonly caused by injury or in-
flammation (e.g., sprained ankle, bee sting),
which causes the release of local paracrine
substances (e.g., histamine, bradykinin, and
leukotrienes) that increase capillary and venu-
lar permeability. Some of these substances
(e.g., histamine) also increase capillary pres-
sure by dilating arterioles and constricting
venules.

The treatment for edema involves modify-
ing one or more of the physical factors that
regulates fluid movement. For example, in
pulmonary or systemic edema secondary to
heart failure, diuretics are given to the patient
to reduce blood volume and venous pressure,
therefore reducing capillary hydrostatic pres-
sure. A patient suffering from ankle edema
following an injury will be instructed to keep
that foot elevated whenever possible to dimin-
ish the effects of gravity on capillary pressure
and to use a tight fitting elastic stocking or
bandage around the ankle to increase tissue
hydrostatic pressure (which opposes filtra-
tion). Drugs (e.g., antihistamines) are some-
times used to block the release or action of
paracrine substances that increase capillary
permeability following tissue injury or inflam-
mation.
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TABLE 8-1 CAUSES OF EDEMA

Increased Capillary Pressure

Increased venous pressure
- Heart failure
- Increased blood volume

- Venous obstruction (thrombosis or
compression)

- Incompetent venous valves
- Gravity

Increased arterial pressure
- Hypertension

Decreased arterial resistance

- Vasodilation (physiologic or
pharmacologic)

SUMMARY OF IMPORTANT
CONCEPTS

e Diffusion is the primary mechanism for the
exchange of gasses and lipid-soluble sub-
stances across the capillary barrier. With
diffusion, the rate of molecular movement
(flux, J) is directly related to the diffusion
constant of the substance (D), the surface
area available for diffusion (A), and the
concentration difference across the capil-
lary wall (AC). It is inversely related to the
diffusion distance (thickness of diffusion
barrier, AX) as shown by Fick’s First Law of
diffusion: Js = DA(ACAX).

The exchange of water and electrolytes
across capillaries (and  postcapillary
venules) occurs primarily through bulk
flow through intercellular clefts (“pores”)
between endothelial cells. Bulk flow is gov-
erned by the same factors that determine
the blood flow through vessels; these fac-
tors are described by Poiseuille’s equation
(see Chapter 5).

The net driving force (NDF) that deter-
mines fluid movement is the net hydrostatic
pressure across the capillary wall (capillary
minus interstitial hydrostatic pressures, P. —
P,) minus the opposing effective oncotic
pressure gradient across the capillary wall
(capillary minus interstitial oncotic pres-

Increased Capillary Permeability

Vascular damage (e.g., burns, trauma)

Inflammation

Decreased Plasma Oncotic Pressure

Reduced plasma proteins (e.g., malnutri-
tion, burns, liver dysfunction)

Lymphatic Blockage (Lymphedema)

Tissue injury
Inflammation of lymphatics

Lymphatic invasion by parasites (e.g.,
filariasis)

sures, , — ;, multiplied by the reflection
coefficient [o¢]). Therefore, the NDF =
(P(: -P)- O'(T"c - m).

e Changes in capillary hydrostatic pressure
significantly alter fluid exchange. Capillary
pressure is determined by arterial and ve-
nous pressures and by the ratio of precapil-
lary and postcapillary resistances. Changes
in venous pressure have a much greater
quantitative influence on capillary pressure
than do similar changes in arterial pres-
sure.

e Filtration occurs when the NDF is greater
than zero, which generally occurs at the ar-
teriolar end of the capillary. Reabsorption
occurs when the NDF is less than zero,
which generally occurs at the venular end
of the capillary where capillary hydrostatic
pressure is lower.

e The net fluid flux (J) is directly related to
the NDF, the capillary filtration constant
(Ky), and the surface area (A) available for
fluid exchange; therefore, | = K, - A
(NDF). At a given NDF, the greater the fil-
tration constant or the greater the capillary
surface area, the greater the net amount of
fluid movement across the capillary.

e Fluid balance within a tissue is achieved
when capillary filtration equals the sum of
capillary reabsorption and lymphatic flow.
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An increase in tissue fluid volume (edema)
occurs when the rate of fluid filtration ex-
ceeds the sum of the rate of fluid reabsorp-

tion and lymphatic flow.

* Edema can occur when increased capillary
hydrostatic pressure, increased capillary
permeability, decreased plasma oncotic

pressure, or lymphatic blockage occurs.

Please refer to the appendix for the answers

to the review questions.

For each question, choose the one best

answer:

1. Which of the following mechanisms is
most important quantitatively for the ex-
change of electrolytes across capillaries?

a. Bulk flow

b. Diffusion

c. Osmosis

d. Vesicular transport

2. Oxygen exchange between blood and tis-
sues is enhanced by
a. Decreased arteriolar flow.
b. Decreased arteriolar pO,.
c. Decreased tissue pOs.

d. Decreased number of flowing capil-

laries.

3. Net capillary fluid filtration is enhanced by

a. Decreased capillary plasma oncotic
pressure.
. Decreased venous pressure.
Increased precapillary resistance.
d. Increased tissue hydrostatic pres-
sure.

o o

4. If capillary hydrostatic pressure = 15 mm

Hg, capillary oncotic pressure = 28 mm
Hg, tissue interstitial pressure = —5 mm
Hg, and tissue oncotic pressure = 6 mm
Hg (assume that o = 1), these Starling
forces will result in

a. Net filtration.

b. Net reabsorption.

¢. No net fluid movement.

. If capillary filtration is enhanced by hista-

mine during tissue inflammation,

a. Lymphatic flow will increase.

b. Capillary filtration fraction will de-
crease.

c. The capillary filtration constant will
be lower than normal.

d. Tissue interstitial pressure will de-
crease.

6. Edema can result from

a. Increased arteriolar resistance.

b. Increased plasma protein concentra-
tion.

c. Reduced venous pressure.

d. Obstructed lymphatic.
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LEARNING OBJECTIVES

Understanding the concepts presented in this chapter will enable the student to:

1. Describe the mechanical, metabolic, and neurohumoral mechanisms that lead to changes
in cardiac output, central venous pressure, systemic vascular resistance, mean arterial
pressure, and arterial pulse pressure during exercise.

2. Describe how exercise affects blood flow to the following organs: brain, heart, active
skeletal muscle, nonactive muscle, skin, gastrointestinal tract, and kidneys.

3. Explain the mechanisms that enable ventricular stroke volume to increase during exercise
at high heart rates.

4. Describe how each of the following influences the cardiovascular responses to exercise:
type of exercise (dynamic versus static), body posture, physical conditioning, altitude,
temperature and humidity, age, and gender.

5. Describe the effects of pregnancy on blood volume, central venous pressure, ventricular
stroke volume, heart rate, systemic vascular resistance, and arterial pressure.

6. Describe the mechanisms by which each of the following conditions can lead to hypoten-
sion: hemorrhage, dehydration, heart failure, cardiac arrhythmias, changing from supine
to standing position, and autonomic dysfunction. 185
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7.

8.

10.

1.

12.

13.

14.

15.

16.

CHAPTER 9

Describe the autonomic and hormonal compensatory mechanisms that are activated to
restore arterial pressure following hemorrhage.

Explain why the baroreceptor reflex is a short-term compensatory mechanism, whereas
renal mechanisms are considered long-term for restoring arterial pressure following
hemorrhage.

Describe how each of the following positive feedback mechanisms can lead to irre-
versible shock and death following severe hemorrhage: cardiac depression, vascular
sympathetic escape, metabolic acidosis, cerebral ischemia, rheological factors, and sys-
temic inflammatory responses.

Describe how altered renal function and changes in systemic vascular resistance can lead
to hypertension.

Describe the mechanisms by which each of the following conditions can lead to sec-
ondary hypertension: renal artery stenosis, renal disease, primary hyperaldosteronism,
pheochromocytoma, aortic coarctation, pregnancy, hyperthyroidism, and Cushing’s
syndrome.

Describe the physiologic rationale for using the following drug classes in the treatment
of essential hypertension: diuretics, 3-adrenoceptor blockers, «-adrenoceptor blockers,
calcium-channel blockers, and angiotensin-converting enzyme inhibitors.

Define systolic and diastolic ventricular failure and show how these two types of failure
affect ventricular pressure-volume loops.

Describe how the following serve as compensatory mechanisms in heart failure: ventric-
ular dilation and hypertrophy, increased sympathetic activity, activation of the renin-
angiotensin-aldosterone system, enhanced vasopressin secretion, and increased blood
volume.

Compare cardiovascular function at rest and cardiovascular responses at maximal exer-
cise in a normal subject and in a heart failure patient.

Describe the physiologic rationale for using the following drug classes in the treatment
of heart failure: diuretics, vasodilators, angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers, 3-adrenoceptor blockers, and positive inotropic drugs.

INTRODUCTION

Previous chapters emphasized physiologic
concepts concerning cardiac and vascular
function at the cellular and organ level. In ad-
dition, they examined mechanisms, such as
baroreceptors and circulating hormones, that
regulate overall cardiovascular function. This
chapter integrates all the components of the
cardiovascular system and shows how they
work together to maintain normal perfusion of
organs under conditions of increased organ
demand for blood flow (e.g., during exercise
and pregnancy) or during abnormal stressful
conditions such as hemorrhage. This chapter
also examines some of the changes that occur
in cardiovascular function during pathologic
conditions such as hypertension and heart
failure.

CARDIOVASCULAR RESPONSES
TO EXERCISE

The cardiovascular system must be able to re-
spond to a wide range of demands placed on it
by the body. Previous chapters focused on car-
diovascular function in normal resting states;
however, physical activity, is (or should be!) a
normal, regular event in the daily activity of
humans. Physical movement is associated with
increases in the metabolic activity of contract-
ing muscles. This increased metabolic activity
is largely oxidative; therefore, the cardiovascu-
lar system needs to increase blood flow and
oxygen delivery to the contracting muscles.
The cardiovascular responses to physical
activity are summarized in Table 9-1.
Contracting muscles undergo metabolic va-
sodilation (see Chapter 7). If large muscle
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TABLE 9-1 SUMMARY OF CARDIOVASCULAR CHANGES DURING EXERCISE

T Cardiac output

e T heart rate (T sympathetic adrenergic and | parasympathetic activity)

e T stroke volume (T CVP; T inotropy; T lusitropy)

T Mean arterial pressure and pulse pressure
e CO increases more than SVR decreases
e T stroke volume increases pulse pressure

T Central venous pressure

e venous constriction (T sympathetic adrenergic activity)

e muscle pump activity
¢ abdominothoracic pump
| Systemic vascular resistance

e metabolic vasodilation in active muscle and heart

e cutaneous vasodilation (! sympathetic adrenergic activity)

e vasoconstriction in splanchnic, nonactive muscle, and renal circulation (T sympathetic

adrenergic activity)

CVP, central venous pressure; CO, cardiac output; SVR, systemic vascular resistance.

groups are involved in the physical activity
(e.g., running, bicycling), the metabolic va-
sodilation in these muscles causes a large fall
in systemic vascular resistance. Ordinarily, this
would cause arterial pressure to fall; however,
during physical activity, arterial pressure in-
creases because cardiac output increases at
the same time that systemic vascular resis-
tance begins to fall. Furthermore, increased
sympathetic activity (see Chapter 6) leads to
vasoconstriction in the gastrointestinal tract,
nonactive muscles, and kidneys, which helps
to limit the fall in systemic vascular resistance
as well as shift blood flow to the active mus-
cles. Venous return to the heart is augmented
by venous constriction and by the skeletal
muscle and abdominothoracic pumps (see
Chapter 5). Enhanced venous return enables
the cardiac output to increase by preventing a
fall in cardiac preload that would otherwise
occur as heart rate and inotropy increase (see
Chapter 4). Therefore, all the cardiovascular
changes occurring during physical activity en-
sure that active muscles are supplied with in-
creased blood flow and oxygen while main-

taining normal, or even elevated, arterial pres-
sures.

Mechanisms Involved in
Cardiovascular Response to Exercise

Four fundamental mechanisms are responsi-
ble for cardiovascular changes during physical
activity: mechanical, metabolic, autonomic,
and hormonal. When a person suddenly be-
gins to run, cardiac output increases before
metabolic and neurohumoral mechanisms are
activated. This initial increase in cardiac out-
put results primarily from the skeletal muscle
pump system, which enhances venous return
and increases cardiac output by the Frank-
Starling mechanism. Within a few seconds of
the initiation of muscle contraction, metabolic
mechanisms in the contracting muscle dilate
resistance vessels and increase blood flow. A
few seconds following the onset of running,
changes occur in the autonomic nervous sys-
tem (Fig. 9-1). Hypothalamic centers coordi-
nate a pattern of increased sympathetic and
decreased parasympathetic (vagal) outflow
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FIGURE 9-1 Summary of adrenergic and cholinergic control mechanisms during exercise. The hypothalamus func-
tions as an integrative center that receives information from the brain and muscle and joint receptors, then modu-
lates sympathetic and parasympathetic (vagal) outflow from the medulla. Sympathetic nerves are activated (+) and
parasympathetic nerves are inactivated (-) during exercise, leading to adrenal release of catecholamines, cardiac stim-

ulation, and vasoconstriction.

from the medullary cardiovascular centers
(see Chapter 6). This leads to an increase in
heart rate, inotropy, and lusitropy, which in-
creases cardiac output. Increased sympathetic
efferent activity constricts resistance and ca-
pacitance vessels in the splanchnic circulation
and nonactive muscles to help maintain arte-
rial pressure and central venous pressure. In
addition, during strenuous activity, sympa-
thetic nerves constrict the renal vasculature.

Exercise activates several different hor-
monal systems that affect cardiovascular func-
tion. Many of the hormonal systems are acti-
vated by sympathetic stimulation. The
cardiovascular effects of hormone activation
are generally slower than the direct effects of
autonomic activation on the heart and circula-
tion.

Sympathetic nerves innervating the
adrenal medulla cause the secretion of epi-
nephrine and lesser amounts of norepineph-
rine into the blood (see Chapter 6). Plasma
norepinephrine concentrations increase more
than ten-fold during exercise. A large fraction
of this norepinephrine comes from sympa-
thetic nerves. Normally, most of the norepi-
nephrine released by sympathetic nerves is
taken back up by the nerves (neuronal re-
uptake); however, some of the norepinephrine
can diffuse into the capillary blood (ie.,

spillover) and enter the systemic circulation.
This spillover is greatly enhanced when the
level of sympathetic activity is high in the
body. The blood transports the epinephrine
and norepinephrine to the heart and other or-
gans, where they act upon alpha- and beta-
adrenoceptors to enhance cardiac function
and either constrict or dilate blood vessels. In
Chapter 6, we learned that epinephrine (at
low concentrations) binds to B,-adrenoceptors
in skeletal muscle, which causes vasodilation.
At high concentrations, epinephrine also
binds to postjunctional &, and a,-adrenocep-
tors on blood vessels to cause vasoconstric-
tion. Circulating norepinephrine constricts
blood vessels by binding preferentially to a;-
adrenoceptors in most organs. During exer-
cise, circulating levels of norepinephrine and
epinephrine can become very high so that the
net effect on the vasculature is a-adrenocep-
tor-mediated vasoconstriction, except in those
organs (e.g., heart and active skeletal muscle)
in which metabolic mechanisms produce va-
sodilation. It is important to note that vaso-
constriction produced by sympathetic nerves
and circulating catecholamines does not occur
in the active skeletal muscle, coronary circula-
tion, or brain. Blood flow in these organs is
primarily controlled by local metabolic va-
sodilator mechanisms.
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Increased sympathetic activity stimulates
renal release of renin, which leads to the for-
mation of angiotensin II. Increased an-
giotensin II increases renal sodium and water
reabsorption by directly affecting renal func-
tion and by stimulating aldosterone secretion;
in addition, angiotensin II augments sympa-
thetic activity (see Chapter 6). Circulating
arginine vasopressin (antidiuretic hormone)
also increases during exercise, most likely re-
sulting from increased plasma osmolarity.
Although these hormonal changes promote
renal retention of sodium and water, espe-
cially after prolonged periods of exercise,
blood volume often decreases during exercise
(particularly in hot environments) because of
water loss through sweating and increased
respiratory exchange.

Two mechanisms operate to activate the
autonomic nervous system during exercise.
One mechanism is referred to as “central
command.” When physical activity is antici-
pated or already underway, higher brain cen-
ters (e.g., the cortex) relay this information to
hypothalamic centers to coordinate auto-
nomic outflow to the cardiovascular system.
By this central command mechanism, antici-
pation of exercise can lead to autonomic
changes that increase cardiac output and arte-
rial pressure before exercise begins. This
serves to prime the cardiovascular system for
exercise. A second mechanism involves mus-
cle mechanoreceptors and chemoreceptors.
Once physical activity is underway, these mus-
cle receptors respond to changes in muscle
mechanical activity and tissue chemical envi-
ronment (e.g., increased lactic acid), and then
relay that information to the central nervous
system via afferent fibers. This information is
processed by the hypothalamus and medullary
cardiovascular centers to enhance the sympa-
thetic outflow to the heart and systemic vascu-
lature.

Arterial baroreceptor function is altered
during physical activity. Exercise normally is
associated with a rise in both arterial pressure
and heart rate. If arterial baroreceptor func-
tion were not modified, the increase in arter-
ial pressure would result in a reflex bradycar-
dia. Instead, the baroreceptor reflex is

modified (reset to a higher control point) by
the central nervous system (see Chapter 6).

Steady-State Changes
in Cardiovascular Function
during Exercise

Changes in cardiovascular function during
physical activity depend upon the level of
physical exertion. If the level of physical exer-
tion is expressed as workload, heart rate, car-
diac output, and arterial pressure increase in
nearly direct proportion to the increase in
workload (Fig. 9-2, Panel A). In contrast, sys-
temic vascular resistance falls as workload in-
creases. Ventricular stroke volume increases
at low to moderate workloads, then plateaus.
Although not shown in Figure 9-2, the in-
crease in stroke volume is responsible for an
increase in arterial pulse pressure.

Stroke volume may decline at very high
workloads because ventricular filling time is
reduced as heart rate increases. Decreased
filling time decreases ventricular filling (de-
creases preload), which decreases stroke vol-
ume by the Frank-Starling mechanism. This
would prevent the heart from increasing car-
diac output during physical activity if not for
several mechanisms that work together to
ensure that stroke volume is maintained and
even increased as heart rate increases (Table
9-2). For example, during a physical activity
such as running, enhanced venous return by
the muscle pump and abdominothoracic
pump systems helps to maintain preload de-
spite the increase in heart rate (see Chapter
5). Furthermore, increased atrial and ven-
tricular inotropy enhances ventricular stroke
volume and ejection fraction, and increased
lusitropy helps to augment ventricular filling.
When the heart rate approaches its maximal
rate, the effects of reduced filling time can
predominate over these compensatory mech-
anisms, thereby causing ventricular filling
and stroke volume to fall. The point at which
increased heart rate begins to decrease
stroke volume varies considerably among in-
dividuals because of age, health, and physical
conditioning. Furthermore, this point can
vary within an individual depending on the
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FIGURE 9-2 Systemic hemodynamic and organ blood flow responses at different levels of exercise intensity. Panel A
shows systemic hemodynamic changes. Systemic vascular resistance (SVR) decreases because of vasodilation in ac-
tive muscles; mean arterial pressure (MAP) increases because cardiac output (CO) increases more than SVR decreases.
CO and heart rate (HR) increase almost proportionately to the increase in workload. Stroke volume (SV) plateaus at
high heart rates. Panel B shows organ blood flow changes. Muscle blood flow increases to very high levels because
of active hyperemia; skin blood flow increases because of the need to remove excess heat from the body.
Sympathetic-mediated vasoconstriction decreases gastrointestinal (G/) blood flow and renal blood flow. Brain blood

flow changes very little.

type of exercise and the environmental con-
ditions.

Blood flow to major organs depends upon
the level of physical activity (Fig. 9-2, Panel
B). During whole-body exercise (e.g., run-
ning), the blood flow to the active working
muscles may increase more than twenty-fold
(see Chapter 7). At rest, muscle blood flow is
about 20% of cardiac output; this value may
increase to 90% during strenuous exercise.
Coronary blood flow can increase several-fold
as the metabolic demands of the myocardium
increase and local regulatory mechanisms
cause coronary vasodilation. The need for in-
creased blood flow to active muscles and the
coronary circulation would exceed the reserve
capacity of the heart to increase its output if

not for blood flow being reduced to other or-
gans. During exercise, blood flow decreases to
the splanchnic circulation (gastrointestinal,
splenic, and hepatic circulations) and nonac-
tive skeletal muscle as workload increases.
This is brought about primarily by increased
sympathetic nerve activity to these organs.
With very strenuous exercise, renal blood flow
is also decreased by sympathetic-mediated
vasoconstriction.

Skin blood flow increases with increasing
workloads, but it can then decrease at very
high workloads, especially in hot environ-
ments. Increases in cutaneous blood flow are
controlled by hypothalamic thermoregulatory
centers (see Chapter 7). During physical ac-
tivity, increased blood temperature is sensed

TABLE 9-2 MECHANISMS MAINTAINING STROKE VOLUME AT HIGH HEART

RATES DURING EXERCISE

e Increased venous return promoted by the abdominothoracic and skeletal muscle pumps
maintains central venous pressure and therefore ventricular preload.

e Venous constriction (decreased venous compliance) maintains central venous pressure.

e Increased atrial inotropy augments atrial filling of the ventricles.

e Increased ventricular inotropy decreases end-systolic volume, which increases stroke vol-

ume and ejection fraction.

e Enhanced rate of ventricular relaxation (lusitropy) aids in filling.
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by thermoreceptors in the hypothalamus. To
enhance heat loss through the skin, the hypo-
thalamus decreases sympathetic nerve activity
to cutaneous blood vessels, which increases
skin blood flow. At the same time, activation of
sympathetic cholinergic nerves to the skin
causes sweating, which is mediated in part by
bradykinin that acts as a vasodilator.

While cutaneous vasodilation is essential
for thermoregulation during physical activity,
this requirement must be balanced by the
need to maintain arterial pressure. Cutaneous
vasodilation contributes to the fall in systemic
vascular resistance that is also brought about
by the active muscles. If increased cardiac
output is unable to maintain arterial pressure
at very high workloads, baroreceptor mecha-
nisms restore sympathetic tone to the skin and
decrease its blood flow. Although this may
help to preserve arterial pressure temporarily,
reduced heat exchange through the skin can
lead to dangerous elevations in core tempera-
ture, resulting in organ damage and loss of au-
tonomic control. Heat stroke is a potentially
lethal condition that occurs when core tem-
peratures rise above 105°F.

Factors Influencing Cardiovascular
Response to Exercise

The cardiovascular changes associated with
physical activity are modified by many differ-
ent factors. The level of activity, which is com-
monly expressed as work performed or whole
body oxygen consumption, affects the cardiac
and vascular responses. Several other impor-
tant factors influence cardiovascular re-
sponses to physical activity.

The type of exercise significantly affects
cardiovascular responses. The previous section
described the cardiovascular responses to dy-
namic exercise such as running, walking, bicy-
cling, or swimming. This type of activity results
in joint movement as muscles contract rhyth-
mically. In contrast, muscle contraction with-
out joint movement (isometric or static con-
traction) elicits a different cardiovascular
response. An example of this activity would be
trying to lift a very heavy weight at maximal ef-
fort (e.g., bench or leg press). This type of ac-
tivity does not incorporate rhythmic contrac-
tion of synergistic and antagonistic muscle
groups; therefore, the muscle pump system

CASE 9-1

physical activities.

syncope.

A 45-year-old male with type 2 diabetes is diagnosed with autonomic neuropathy,
which impairs autonomic function. He complains of becoming weak and “light
headed” when he performs physical work such as mowing the lawn. Explain how this
patient’s autonomic dysfunction may account for his inability to be engaged in normal

Autonomic neuropathy affects the function of most organ systems of the body be-
cause autonomic nerves play a vital role in regulating normal function. In the cardio-
vascular system, autonomic nerves, particularly sympathetic adrenergic nerves, regulate
arterial pressure through their actions on the heart and vasculature. Patients with type
2 diabetes who have impaired autonomic control of the cardiovascular system may
have abnormal responses to exercise because heart rate and inotropy may not increase
normally and sympathetic stimulation of the arterial and venous system may be im-
paired. This loss of sympathetic control may result in a fall in arterial pressure during
exercise owing to a greater-than-normal reduction in systemic vascular resistance, a de-
crease in central venous pressure owing to loss of venous tone, and a reduction in car-
diac output caused by smaller-than-normal increases in heart rate and stroke volume.
Hypotension during exercise impairs muscle perfusion, causing fatigue. Decreased cere-
bral perfusion caused by hypotension can lead to dizziness, visual disturbances, and
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cannot operate to promote venous return and
so cardiac output increases relatively little.
Furthermore, the abdominothoracic pump
does not contribute to enhancing venous re-
turn, particularly if the subject holds his or her
breath during the forceful contraction, effec-
tively performing a Valsalva maneuver (see
Valsalva in Chapter 5 on CD). Unlike dynamic
exercise, static exercise leads to a large in-
crease in systemic vascular resistance, particu-
larly if a large muscle mass is being contracted
at maximal effort. The increased systemic vas-
cular resistance results from enhanced sympa-
thetic adrenergic activity to the peripheral vas-
culature and from mechanical compression of
the vasculature in the contracting muscles. As
a result, systolic arterial pressure may increase
to over 250 mm Hg during forceful isometric
contractions, particularly those involving large
muscle groups. This acute hypertensive state
can produce vascular damage (e.g., hemor-
rhagic stroke) in susceptible individuals. In
contrast, dynamic exercise leads to only mod-
est increases in arterial pressure.

Body posture also influences how the car-
diovascular system responds to exercise be-
cause of the effects of gravity on venous re-
turn and central venous pressure (see Chapter
5). When a person exercises in the supine po-
sition (e.g., swimming), central venous pres-
sure is higher than when the person is exercis-
ing in the upright position (e.g., running). In
the resting state before the physical activity
begins, ventricular stroke volume is higher in
the supine position than in the upright posi-
tion owing to increased right ventricular pre-
load. Furthermore, the resting heart rate is
lower in the supine position. When exercise
commences in the supine position, the stroke
volume cannot be increased appreciably by
the Frank-Starling mechanism because the
high resting preload reduces the reserve ca-
pacity of the ventricle to increase its end-
diastolic volume. Stroke volume still increases
during exercise although not as much as when
exercising while standing; however, the in-
creased stroke volume is resulting primarily
from increases in inotropy and ejection frac-
tion with minimal contribution from the
Frank-Starling mechanism. Because heart

rate is initially lower in the supine position,
the percent increase in heart rate is greater in
the supine position, which compensates for
the reduced ability to increase stroke volume.
Overall, the change in cardiac output during
exercise, which depends upon the fractional
increases in both stroke volume and heart
rate, is not appreciably different in the supine
versus standing position.

The level of physical conditioning signif-
icantly influences maximal cardiac output and
therefore maximal exercise capacity. A condi-
tioned individual is able to achieve a higher
cardiac output, whole-body oxygen consump-
tion, and workload than a person who has a
sedentary lifestyle. The increased cardiac out-
put capacity is a consequence, in part, of in-
creased ventricular and atrial responsiveness
to inotropic stimulation by sympathetic
nerves. Conditioned individuals also have hy-
pertrophied hearts, much like what happens
to skeletal muscle in response to weight train-
ing. Coupled with enhanced capacity for pro-
moting venous return by the muscle pump
system, these cardiac changes permit highly
conditioned individuals to achieve ventricular
ejection fractions that exceed 90% during ex-
ercise. In comparison, a sedentary individual
may not be able to increase ejection fraction
above 75%. Although the maximal heart rate
of a conditioned individual is not necessarily
any greater than that of a sedentary individual,
the lower resting heart rates of a conditioned
person allow for a greater percent increase in
heart rate. Heart rate is lower in conditioned
individuals because resting stroke volume is
increased owing to the larger heart size and
increased inotropy. Because resting cardiac
output is not necessarily increased in a condi-
tioned person, the heart rate is reduced by in-
creased vagal tone to offset the increase in
resting stroke volume, thereby maintaining a
normal cardiac output at rest. The enhanced
reserve capacity for increasing heart rate and
stroke volume enables conditioned individuals
to achieve maximal cardiac outputs (and work-
loads) that can be 50% higher than those
found in sedentary people. Another important
distinction between a sedentary and condi-
tioned person is that for a given workload, the
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conditioned person has a lower heart rate.
Furthermore, a conditioned person is able to
sustain higher workloads for a longer duration
and recover from the exercise much more
rapidly.

Environmental factors affect cardiovas-
cular responses to exercise. High altitudes, for
example, decrease maximal stroke volume and
cardiac output. The reason for this is that the
pO; in arterial blood is reduced at higher ele-
vations because of decreased atmospheric
pressure. This decreases oxygen delivery to
tissues, particularly to contracting muscle
(both skeletal and cardiac), thereby resulting
in insufficient oxygenation at lower workloads.
Myocardial hypoxia decreases inotropy, which
results in reduced stroke volume. Reduced
oxygen delivery to exercising muscle reduces
exercise capacity in the muscle and results in
increased production of lactic acid as the mus-
cle switches over to more anaerobic metabo-
lism in the absence of adequate oxygen; i.e.,
the anaerobic threshold is reached at a lower
workload.

Increased temperature and humidity affect
cardiovascular responses during exercise by
diverting a greater fraction of cardiac output
to the skin to enhance heat removal from the
body. This decreases the availability of blood
flow for the contracting muscles. With ele-
vated temperature and humidity, maximal car-
diac output and oxygen consumption are
reached at lower workloads, thereby reducing
exercise capacity as well as endurance.
Furthermore, dehydration can accompany
high temperatures. Dehydration reduces
blood volume and central venous pressure,
and it attenuates the normal increase in car-
diac output associated with exercise. This can
lead to a fall in arterial pressure and heat ex-
haustion. Signs of heat exhaustion include
general fatigue, muscle weakness, nausea, and
mental confusion; it usually results from dehy-
dration and loss of sodium chloride associated
with physical activity in a hot environment—
core temperature is not necessarily elevated.

Increased age reduces maximal exercise
capacity. Maximal oxygen consumption de-
creases about 40% between 20 and 70 years of
age. Many reasons exist for this decline. With

increasing age, maximal heart rate decreases.
Maximal heart rate is approximately 220
beats/minute minus the age of a person.
Therefore, the maximal heart rate of a 70-
year-old person is about 25% lower than the
maximal heart rate of a 20-year-old person.
Increasing age also reduces maximal stroke
volume because of impaired ventricular filling
(decreased ventricular compliance) and re-
duced inotropic responsiveness to sympa-
thetic stimulation. Together, these changes re-
duce maximal cardiac output substantially.
Older individuals have reduced skeletal mus-
cle mass as well as decreased maximal muscle
blood flow per unit weight of muscle. Recent
research indicates a reduction in vasodilatory
capacity of resistance vessels in skeletal mus-
cle in older persons may be related to reduced
endothelial production or bioavailability of ni-
tric oxide and altered vascular smooth muscle
responsiveness to metabolic vasodilators.
Although increasing age inevitably limits exer-
cise capacity, exercise habits and general
health can significantly influence the decline
in maximal cardiac output with age.

Finally, gender influences cardiovascular
responses to exercise. Generally, males can
reach and sustain significantly higher work-
loads and maximal oxygen consumptions than
can females. Maximal cardiac outputs are
about 25% less in females, although the maxi-
mal heart rates are similar. This difference is
partly owing to increased skeletal muscle mass
and to increased cardiac mass in males.

MATERNAL CHANGES IN
CARDIOVASCULAR FUNCTION
DURING PREGNANCY

Pregnancy causes significant changes in the
cardiovascular system (Fig. 9-3). Increased
uterine mass and the developing fetus require
large amounts of blood flow. To supply this
flow, cardiac output increases by 30% to 50%
during the first and second trimesters and
then plateaus during the third trimester. In
the first half of the pregnancy, the cardiac
output is primarily increased through in-
creases in stroke volume. By the third
trimester, however, stroke volume may be
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FIGURE 9-3 Changes in maternal hemodynamics dur-
ing pregnancy. Early in the course of pregnancy, cardiac
output (CO) increases because stroke volume (SV) in-
creases owing to an increase in blood volume; systemic
vascular resistance (SVR) and mean arterial pressure
(MAP) decrease. Heart rate (HR) gradually increases
throughout pregnancy; SV declines as HR increases.

only slightly elevated. At this stage of preg-
nancy, the increased cardiac output is sus-
tained by an elevated heart rate, which may
increase by 1020 beats/minute.

Cardiac output increases because blood
volume increases dramatically during preg-
nancy. By week 6, blood volume may be in-
creased by 10%. By the end of the third
trimester, blood volume may be increased by
50%. The increase in blood volume is brought
about by estrogen-mediated activation of the
renin-angiotensin-aldosterone system, which
increases sodium and water retention by the
kidneys.

Although cardiac output is elevated, mean
arterial pressure generally falls owing to a dis-
proportionate decrease in systemic vascular
resistance. The fall in systemic vascular resis-
tance may be caused in part by hormonal
changes that dilate resistance vessels; how-
ever, the major factor contributing to the re-
duced resistance is the development of low-
resistance uterine circulation, particularly in
the later stages of pregnancy. Diastolic pres-
sure falls more than systolic pressure because
of reduced systemic vascular resistance, so
there is an increase in pulse pressure.
Increased pulse pressure results from the in-
crease in stroke volume during the first and
second trimesters.

Pregnancy significantly alters the cardio-
vascular responses to exercise. Because car-
diac output at rest is substantially elevated,
there is less capacity for it to increase during
exercise. In addition, compression of the infe-
rior vena cava caused by an elevated intra-
abdominal pressure, particularly during the
third trimester, limits venous return and
thereby prevents stroke volume from increas-
ing as it normally would during exercise.
Compression of the inferior vena cava, espe-
cially in the supine position, can also diminish
venous return at rest, thereby reducing car-
diac output and arterial pressure (supine hy-
potensive syndrome).

HYPOTENSION

Causes of Hypotension

Hypotension is often defined clinically as a
systolic arterial pressure less than 90 mm Hg,
or a diastolic pressure less than 60 mm Hg.
There are many causes of hypotension as sum-
marized in Figure 9-4. Because arterial pres-
sure is the product of cardiac output and sys-
temic vascular resistance, a decrease in either
will reduce arterial pressure (see Chapter 5).
A reduction in systemic vascular tone or
impaired vasoconstrictor responsiveness to
baroreceptor reflexes can lead to hypotension.
For example, septic shock (or Systemic
Inflammatory Response Syndrome, SIRS),
which usually results from a bacterial infec-
tion in the blood, causes a loss of vascular tone
and hypotension. Septic shock is caused by
the release of bacterial endotoxins (e.g.,
lipopolysaccharide) that activate the inflam-
matory cascade. This leads to the production
of cytokines (e.g., tumor necrosis factor, in-
terleukins) and excessive amounts of nitric
oxide, causing systemic vasodilation. Systemic
vascular resistance can also be decreased if
autonomic dysfunction occurs. For example,
in diabetic individuals having autonomic neu-
ropathy, baroreceptor-mediated reflex vaso-
constriction may be depressed, which can re-
sult in a fall in arterial pressure when the
person stands up (orthostatic hypotension)
and when the person exercises. Injury to the
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Hypotension
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FIGURE 9-4 Mechanisms and causes of hypotension. Ultimately, hypotension occurs because there is a reduction in

cardiac output, systemic vascular resistance, or both.

spinal cord can remove sympathetic tone in
major organs, leading to hypotension.

Hypotension, however, more commonly
occurs because cardiac output is reduced by a
decrease in either heart rate or stroke volume.
Ventricular rate can be reduced by sinus
bradycardia, which may be caused by exces-
sive vagal activation of the SA node. Second-
and third-degree AV nodal blockade (see
Chapter 2) reduce ventricular rate. A vasova-
gal reflex can lower heart rate and arterial
pressure sufficiently to cause syncope (see
Chapter 6).

Stroke volume can be reduced by de-
creases in either inotropy or ventricular filling
(preload) (see Chapter 4). Reduced inotropy
occurs during heart failure (systolic failure)
and when autonomic dysfunction decreases
sympathetic outflow or cardiac responsiveness
to sympathetic stimulation. Decreased pre-
load can be caused by several conditions: (1)
hypovolemia, which results from blood loss
(hemorrhage) or dehydration; (2) a redistribu-
tion of blood volume, as occurs when a person
stands up (see Chapter 5); (3) reduced venous
return, which can result from compression of

the vena cava (e.g., during pregnancy); and (4)
some types of cardiac arrhythmias (e.g., atrial
fibrillation, ventricular tachycardia).

Compensatory Mechanisms during
Hypotension

When hypotension occurs, the body attempts to
restore arterial pressure by activating neurohu-
moral compensatory mechanisms (see Chapter
6). Initial, short-term mechanisms involve the
baroreceptor reflex, which constricts systemic
vascular beds and stimulates the heart. This in-
creases arterial pressure and helps to maintain
normal cerebral and coronary perfusion at the
expense of reduced blood flow to less essential
organs. The baroreceptor compensatory mech-
anism for hypotension that results from blood
loss (hemorrhagic hypotension) is summa-
rized in Figure 9-5. More slowly activated, long-
term compensatory mechanisms include the
renin-angiotensin-aldosterone system and vaso-
pressin. These hormone systems, summarized
in Figure 9-6, serve to increase blood volume
and reinforce the vasoconstriction caused by in-
creased sympathetic activity.
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FIGURE 9-5 Activation of baroreceptor mechanisms following acute blood loss (hemorrhage). Blood loss reduces car-
diac preload, which decreases cardiac output and arterial pressure. Reduced firing of arterial baroreceptors activates
the sympathetic nervous system, which stimulates cardiac function, and constricts resistance and capacitance vessels.
These actions increase systemic vascular resistance, central venous pressure, and cardiac output, thereby partially

restoring arterial pressure.

Most of the compensatory responses occur
regardless of the cause of hypotension; how-
ever, the ability of the heart and vasculature to
respond to a specific compensatory mecha-
nism may differ depending upon the cause of
the hypotension. For example, if hypotension
is caused by cardiogenic shock (a form of
acute heart failure) secondary to a myocardial
infarction, the heart will not be able to re-
spond to sympathetic stimulation in the same
manner as would a normal heart. As another
example, vascular responsiveness to sympa-
thetic-mediated vasoconstriction is signifi-
cantly impaired in a person in septic shock.
The following discussion specifically ad-
dresses compensatory mechanisms in hy-
potension caused by hemorrhage-induced hy-
povolemia.

The baroreceptor reflex is the first com-
pensatory mechanism to become activated in
response to hypotension caused by blood loss
(see Fig. 9-5). This reflex occurs within sec-
onds of a fall in arterial pressure. As described
in Chapter 6, a reduction in mean arterial
pressure or arterial pulse pressure decreases
the firing of arterial baroreceptors. This acti-
vates the sympathetic nervous system and in-
hibits vagal influences to the heart. These
changes in autonomic activity increase heart
rate and inotropy. It is important to note that
cardiac stimulation alone does not lead to a
significant increase in cardiac output. For car-
diac output to increase, some mechanism
must increase central venous pressure and
therefore filling pressure for the ventricles.
This is accomplished, at least initially follow-
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FIGURE 9-6 Activation of humoral mechanisms following acute blood loss (hemorrhage). Decreased arterial pressure
activates the sympathetic nervous system (+Symp) (baroreceptor reflex). Renin release is stimulated by the enhanced
sympathetic activity, increased circulating catecholamines, and hypotension, which leads to the formation of an-
giotensin Il and aldosterone. Vasopressin release from the posterior pituitary is stimulated by angiotensin Il, reduced
atrial pressure (not shown), and increased sympathetic activity (not shown). These hormones act together to increase
blood volume through their renal actions (sodium and water retention), which increases central venous pressure
(+CVP) and cardiac output (+CO). Angiotensin Il and vasopressin also increase systemic vascular resistance (+SVR).
Increased circulating catecholamines (Epi, epinephrine; NE, norepinephrine) reinforce the effects of sympathetic acti-
vation on the heart and vasculature. These changes in systemic vascular resistance, central venous pressure, and car-

diac output partially restore the arterial pressure.

ing hemorrhage, by an increase in venous tone
produced by sympathetic stimulation of the
venous capacitance vessels. The partially re-
stored central venous pressure increases
stroke volume through the Frank-Starling
mechanism. The increased preload, coupled
with cardiac stimulation, causes cardiac out-
put and arterial pressure to increase toward
their normal values.

Although the baroreceptor reflex can re-
spond quickly to a fall in arterial pressure and
provide initial compensation, the long-term
recovery of cardiovascular homeostasis re-
quires activation of hormonal compensatory
mechanisms to restore blood volume through
renal mechanisms (see Fig. 9-6). Some of
these humoral systems also reinforce the
baroreceptor reflex by causing cardiac stimu-
lation and vasoconstriction.

The renin-angiotensin-aldosterone system
is activated by increased renal sympathetic
nerve activity and renal artery hypotension via

decreased sodium delivery to the macula
densa. Increased circulating angiotensin II
constricts the systemic vasculature directly by
binding to AT, receptors and indirectly by en-
hancing sympathetic effects. Angiotensin II
stimulates aldosterone secretion. Vasopressin
secretion is stimulated by reduced atrial
stretch, sympathetic stimulation, and an-
giotensin II. Working together, angiotensin II,
aldosterone, and vasopressin cause the kid-
neys to retain sodium and water, thereby in-
creasing blood volume, cardiac preload, and
cardiac output. Increased vasopressin also
stimulates thirst so that more fluid is ingested.
The renal and vascular responses to these hor-
mones are further enhanced by decreased se-
cretion of atrial natriuretic peptide by the
atria, owing to decreased atrial stretch associ-
ated with the hypovolemic state.

The vascular responses to angiotensin II
and vasopressin occur rapidly in response to
increased plasma concentrations of these
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vasoconstrictors. The renal effects of an-
giotensin II, aldosterone, and vasopressin, in
contrast, occur more slowly as decreased
sodium and water excretion gradually in-
creases blood volume over several hours and
days.

Enhanced sympathetic activity stimulates
the adrenal medulla to release catecholamines
(epinephrine and norepinephrine). This
causes cardiac stimulation (B,-adrenoceptor
mediated) and peripheral vasoconstriction (o
adrenoceptor mediated), and contributes to
the release of renin by the kidneys through re-
nal B-adrenoceptors.

Other mechanisms besides the barorecep-
tor reflex and hormones have a compensatory
role in hemorrhagic hypotension. Severe hy-
potension can lead to activation of chemore-
ceptors (see Chapter 6). Low perfusion pres-
sures and reduced organ blood flow causes
increased production of lactic acid as organs
are required to switch over to anaerobic gly-
colysis for the production of ATP. Acidosis
stimulates peripheral and central chemore-
ceptors, leading to increased sympathetic ac-
tivity to the systemic vasculature. Stagnant hy-
poxia in the carotid body chemoreceptors,

which results from reduced carotid body
blood flow, stimulates chemoreceptor firing. If
cerebral perfusion becomes impaired and the
brain becomes ischemic, intense sympathetic-
mediated vasoconstriction of the systemic vas-
culature will result.

Reduced arterial and venous pressures,
coupled with a decrease in the post-to-
precapillary resistance ratio, decreases capil-
lary hydrostatic pressures (see Chapter 8§).
This leads to enhanced capillary fluid reab-
sorption. This mechanism can result in up
to 1 liter/hour of fluid being reabsorbed
back into the intravascular compartment,
which can lead to a significant increase in
blood volume and arterial pressure after a
few hours. Although capillary fluid reabsorp-
tion increases intravascular volume and serves
to increase arterial pressure, it also leads to a
reduction in hematocrit and dilution of
plasma proteins until new blood cells and
plasma proteins are synthesized. The reduced
hematocrit decreases the oxygen-carrying
capacity of the blood. Dilution of plasma
proteins decreases plasma oncotic pres-
sure, which limits the amount of fluid reab-
sorption.

A patient who is being aggressively treated for severe hypertension with a diuretic, an
angiotensin-converting enzyme inhibitor, and a calcium-channel blocker is in a serious
automobile accident that causes significant intra-abdominal bleeding. How might
these drugs affect the compensatory mechanisms that are activated following hemor-
rhage? How might this alter the course of this patient’s recovery?

Recovery from hemorrhage partly involves arterial and venous constriction, cardiac
stimulation, and renal retention of sodium and water. The diuretic would counter the
normal renal compensatory mechanisms of sodium and water retention. The an-
giotensin-converting enzyme inhibitor would reduce the formation of circulating an-
giotensin Il that normally plays an important compensatory role through constricting
blood vessels and increasing blood volume by enhancing renal reabsorption of sodium
and water. The calcium-channel blocker, depending upon its class, would depress car-
diac function and cause systemic vasodilation, both of which would counteract normal
compensatory responses to hemorrhage. These drugs, therefore, would impair and pro-
long the recovery process following hemorrhage. Fortunately, many of these drugs
have relatively short half-lives so that their effects diminish within several hours.
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Decompensatory Mechanisms
Following Severe and Prolonged
Hypotension

Severe, prolonged hypotension can lead to ir-
reversible shock and death. This occurs when
normal compensatory mechanisms (and addi-
tional medical resuscitation) are unable to re-
store arterial pressure to adequate levels in a
timely manner. For example, if 40% of a per-
son’s blood volume is lost by hemorrhage, ar-
terial pressure may begin to recover as com-
pensatory mechanisms are activated; however,
the recovery may last only an hour or two be-
fore arterial pressure once again falls, causing
death despite heroic interventions.

This secondary fall in arterial pressure re-
sults from the activation of decompensatory
mechanisms. These decompensatory mecha-
nisms are positive feedback cycles, in con-
trast to the negative feedback control offered
by compensatory mechanisms. A negative
feedback mechanism attempts to restore a
controlled variable (in this case arterial pres-
sure) to its normal value, whereas a positive
feedback mechanism causes the controlled
variable to move even farther away from its
control point.

Severe
Hemorrhage

l

| Cardiac
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In the case of severe hemorrhagic shock
and some other forms of hypotensive shock
(e.g., cardiogenic and septic shock), several
potential positive feedback mechanisms can
lead to irreversible shock and death. These
mechanisms include cardiac depression, sym-
pathetic escape, metabolic acidosis, cerebral
ischemia, rheological factors, and systemic in-
flammatory responses.

Figure 9-7 illustrates how cardiac depres-
sion and sympathetic escape can lead to de-
compensation. A large decrease in blood vol-
ume decreases cardiac output and arterial
pressure. If mean arterial pressure falls below
60 mm Hg, coronary perfusion becomes re-
duced, because this pressure is below the
coronary autoregulatory range (see Chapter
7). Reduced coronary blood flow causes myo-
cardial hypoxia, which impairs cardiac con-
tractions (reduces inotropy). When this oc-
curs, stroke volume and cardiac output
decrease, causing additional decreases in arte-
rial pressure and coronary perfusion—a posi-
tive feedback cycle. Also shown in Figure 9-7
is the effect of hypotension on organ blood
flow. Hypotension decreases organ blood flow
by decreasing perfusion pressure and through
baroreceptor-mediated sympathetic activation

| Organ
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FIGURE 9-7 Positive feedback decompensatory mechanisms triggered by severe hypotension. Impairment of coro-
nary perfusion leads to a loss in cardiac inotropy and an additional decrease in cardiac output and pressure. Prolonged
tissue ischemia caused by hypotension (and sympathetic activation) leads to vasodilation (sympathetic escape), which

reduces systemic vascular resistance and arterial pressure.
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that constricts resistance vessels. This reduced
flow causes tissue hypoxia. The more hypoxic
a tissue becomes and the longer it remains hy-
poxic (especially under low flow conditions),
the greater the buildup of vasodilator metabo-
lites. These metabolites eventually override
the sympathetic-mediated vasoconstriction
(sympathetic escape), and blood flow begins
to increase within the organ. When this sym-
pathetic escape occurs within major organs of
the body (e.g., skeletal muscle and gastroin-
testinal tract), systemic vascular resistance
falls. This reduces arterial pressure and fur-
ther reduces organ perfusion, which leads to
further vasodilation and hypotension—a posi-
tive feedback cycle.

Several other positive feedback cycles can
contribute to irreversible shock:

* Prolonged hypotension with accompanying
tissue hypoxia results in metabolic acidosis
as organs begin to generate ATP by anaer-
obic pathways. Acidosis impairs cardiac
contraction and vascular smooth muscle
contraction, which decreases cardiac out-
put and systemic vascular resistance,
thereby lowering arterial pressure even
more.

* Cerebral ischemia and hypoxia during se-
vere hypotension, although initially causing
strong sympathetic activation, eventually
results in depression of all autonomic out-
flow as the cardiovascular regulatory cen-
ters cease to function because of the lack of
oxygen. This withdrawal of sympathetic
tone causes arterial pressure to fall, which
further reduces cerebral perfusion.

e Reduced organ perfusion during hypoten-
sion and intense sympathetic vasoconstric-
tion causes increased blood viscosity within
the microcirculation, microvascular plug-
ging by leukocytes and platelets, and dis-
seminated intravascular coagulation. Low-
flow states within the microcirculation
cause red blood cells to adhere to each
other, which increases the viscosity of the
blood. Furthermore, low-flow states en-
hance leukocyte-endothelial adhesion and
platelet-platelet adhesion. This reduces or-
gan perfusion even more and can lead to is-
chemic damage and stimulation of inflam-

matory processes, which can further en-
hance metabolic acidosis and impair car-
diac and vascular function.

In summary, the body responds to hy-
potension by activating neurohumoral mecha-
nisms that serve as negative feedback—com-
pensatory mechanisms to restore arterial
pressure. With severe hypotension, positive
feedback control mechanisms may become
operative. These mechanisms counteract the
compensatory mechanisms and eventually
lead to an additional reduction in arterial pres-
sure.

Physiologic Basis for Therapeutic
Intervention

Treatment for hypotension depends upon the
underlying cause of the hypotension. If hy-
potension is caused by hypovolemia owing to
hemorrhage or excessive fluid loss (e.g., dehy-
dration), increasing blood volume by adminis-
tration of blood or fluids becomes a treatment
priority. Restoring blood volume increases
preload on the heart and thereby increases
cardiac output, which is reduced in hypo-
volemic states. Administration of fluids is oc-
casionally accompanied by the administration
of pressor agents. These drugs increase arte-
rial pressure by increasing systemic vascular
resistance (e.g., a-adrenoceptor agonists such
as norepinephrine and phenylephrine) or by
stimulating cardiac function (e.g., B-adreno-
ceptor agonists such as dobutamine).
Treatment of hypotension caused by cardio-
genic shock often includes drugs that stimu-
late the heart (e.g., B-adrenoceptor agonists
such as dobutamine or dopamine, or cAMP-
dependent phosphodiesterase inhibitors such
as milrinone that inhibit the degradation of
cAMP); however, depending upon the magni-
tude of the hypotension, either pressor or de-
pressor agents may be used. Because the pri-
mary cause of hypotension in cardiogenic
shock is impaired cardiac function, drugs such
as phosphodiesterase inhibitors that stimulate
the heart and dilate arterial vessels can im-
prove cardiac function by enhancing inotropy
and decreasing afterload on the heart.
Systemic vasodilators, however, cannot be
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used alone if the hypotension is severe, be-
cause arterial pressure may fall further
Hypotension associated with septic shock re-
sults from systemic vasodilation and, in its
later stages, cardiac depression. Therefore,
pressor agents are commonly used with this
form of shock in addition to administration of
fluid and antibiotics.

HYPERTENSION

High blood pressure (hypertension) is a con-
dition that afflicts more than 50 million
Americans and is a leading cause of morbidity
and mortality. Hypertension is much more
than a “cardiovascular disease” because it can
damage other organs such as kidney, brain,
and eye. One-third of hypertensive people are
not aware of being hypertensive because it is
usually asymptomatic until the damaging ef-
fects of hypertension (such as stroke, myocar-
dial infarction, renal dysfunction, visual dis-
turbances, etc.) are observed.

The term “hypertension” can apply to ele-
vations in mean arterial pressure, diastolic
pressure, or systolic pressure above normal
values. Normal arterial pressure is defined as
a systolic pressure less than 120 mm Hg (but
greater than 90 mm Hg) and diastolic pres-
sure less than 80 mm Hg (but greater than 60
mm Hg). Diastolic pressures of 80-89 mm Hg
and systolic pressures of 120-139 mm Hg are
considered prehypertension. Hypertension is
defined as diastolic or systolic pressures equal
to or greater than 90 mm Hg or 140 mm Hg,
respectively. Both diastolic and systolic hyper-
tension have been shown to be significant risk
factors for causing other cardiovascular disor-
ders such as stroke and myocardial infarction.
Mean arterial pressure is usually not discussed
in the context of hypertension because it is not
normally measured in a patient.

Hypertension is caused by either an in-
crease in systemic vascular resistance or an in-
crease in cardiac output, and both are usually
increased in chronic hypertension. For exam-
ple, administration of a vasoconstrictor drug
(e.g., an ay-adrenoceptor agonist such as
phenylephrine) increases arterial pressure
acutely by increasing systemic vascular resis-

tance. Cardiac stimulation with a B-adreno-
ceptor agonist (e.g., isoproterenol) causes a
small increase in cardiac output and arterial
pressure by increasing heart rate and inotropy.

To sustain a hypertensive state (i.e., chronic
hypertension), it is necessary to increase blood
volume through renal retention of sodium and
water. Evidence for this comes from studies
showing that acute elevations in arterial pres-
sure (e.g., by infusing a vasoconstrictor) cause
pressure natriuresis in the kidneys (see
Pressure Natriuresis on CD. Briefly, an eleva-
tion in renal artery pressure increases
glomerular filtration and excretion of sodium
and water. The loss of sodium and water de-
creases blood volume and restores pressure.
Therefore, with normal renal function, an
acute elevation in arterial pressure caused by
increasing systemic vascular resistance or
stimulating the heart is compensated by a re-
duction in blood volume, which restores the
arterial pressure to normal. Considerable evi-
dence shows that in chronic hypertension, the
pressure natriuresis curve is shifted to the
right so that a higher arterial pressure is re-
quired to maintain sodium balance. The ele-
vated pressure is sustained by an increase in
blood volume. These changes in renal han-
dling of sodium and water can be brought
about by changes in sympathetic activity and
hormones that affect renal function (e.g., an-
giotensin II, aldosterone, vasopressin). In ad-
dition, changes in renal function associated
with renal disease alter kidney filtration and
sodium balance, which can shift the pressure
natriuresis curve to the right, leading to sus-
tained hypertension.

Essential (Primary) Hypertension

Essential (or primary) hypertension accounts
for approximately 90% to 95% of patients
diagnosed with hypertension (Table 9-3).
Despite many years of active research, no uni-
fying hypothesis accounts for the pathogenesis
of essential hypertension. However, a natural
progression of this disease suggests that early
elevations in blood volume and cardiac output
might precede and then initiate subsequent
increases in systemic vascular resistance. This
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TABLE 9-3 CAUSES OF HYPERTENSION

Essential hypertension (90% to 95%)
e Unknown causes
¢ |nvolves:

- increased blood volume

- increased systemic vascular resistance (vascular disease)

e Associated with:
- heredity
- abnormal response to stress
- diabetes and obesity
- age, race, and socioeconomic status
Secondary hypertension (5% t010%)
e Renal artery stenosis
e Renal disease

e Hyperaldosteronism (primary)

e Pheochromocytoma (catecholamine-secreting tumor)

e Aortic coarctation
® Pregnancy (preeclampsia)
e Hyperthyroidism

e Cushing’s syndrome (excessive glucocorticoid secretion)

has led some investigators to suggest that the
basic underlying defect in hypertensive pa-
tients is an inability of the kidneys to ade-
quately handle sodium. Increased sodium re-
tention could account for the increase in
blood volume. Indeed, many excellent experi-
mental studies as well as clinical observations
have shown that impaired renal natriuresis
(sodium excretion) can lead to chronic hyper-
tension.

Besides the renal involvement in hyperten-
sion, it is well known that vascular changes can
contribute to hypertensive states, especially in
the presence of impaired renal function. For
example, essential hypertension is usually as-
sociated with increased systemic vascular re-
sistance caused by a thickening of the walls of
resistance vessels and by a reduction in lumen
diameters. In some forms of hypertension,
this is mediated by enhanced sympathetic ac-
tivity or by increased circulating levels of an-
giotensin II, causing smooth muscle contrac-

tion and vascular hypertrophy. In recent years,
experimental studies have suggested that
changes in vascular endothelial function may
cause these vascular changes. For example, in
hypertensive patients, the vascular endothe-
lium produces less nitric oxide. Nitric oxide,
besides being a powerful vasodilator, inhibits
vascular hypertrophy. Increased endothelin-1
production may enhance vascular tone and in-
duce hypertrophy. Evidence suggests that hy-
perinsulinemia and hyperglycemia in type 2
diabetes (non—insulin-dependent diabetes)
cause endothelial dysfunction through in-
creased formation of reactive oxygen species
and decreased nitric oxide bioavailability, both
of which may contribute to the abnormal vas-
cular function and hypertension often associ-
ated with diabetes.

Essential hypertension is related to hered-
ity, age, race, and socioeconomic status. The
strong hereditary correlation may be related
to genetic abnormalities in renal function and
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neurohumoral control mechanisms. The inci-
dence of essential hypertension increases with
age, and people of African descent are more
likely to develop hypertension than are
Caucasians. Hypertension is more prevalent
among lower socioeconomic groups.

Some patients with essential hypertension
are more strongly influenced by stressful con-
ditions than are normotensive individuals.
Stress not only leads to acute elevations in ar-
terial pressure, but it can also lead to chronic
elevations in pressure. Stress activates the
sympathetic nervous system, which increases
cardiac output and systemic vascular resis-
tance. Furthermore, stress causes the adrenal
medulla to secrete more catecholamines (epi-
nephrine and norepinephrine) than normal.
Sympathetic activation increases circulating
angiotensin II, aldosterone, and vasopressin,
which together can increase systemic vascular
resistance and, through their renal effects, in-
crease sodium and water retention. In addi-
tion, prolonged elevation of angiotensin IT and
catecholamines leads to vascular and cardiac

hypertrophy.

Secondary Hypertension

Secondary hypertension accounts for 5% to
10% of hypertensive cases. This form of hy-
pertension has identifiable causes that often
can be remedied. Regardless of the underly-
ing cause, arterial pressure becomes elevated
owing to an increase in cardiac output, an in-
crease in systemic vascular resistance, or both.
When cardiac output is elevated, it is often re-
lated to increased blood volume and neurohu-
moral activation of the heart. Several causes of
secondary hypertension are summarized in
Table 9-3 and discussed below.

Renal artery stenosis occurs when the
renal artery becomes narrowed (stenotic) ow-
ing to atherosclerotic or fibromuscular lesions.
This reduces the pressure at the afferent arte-
riole, which stimulates the release of renin by
the kidney (see Chapter 6). Increased plasma
renin activity increases circulating angiotensin
IT and aldosterone. Angiotensin II causes
vasoconstriction by binding to vascular AT, re-
ceptors and by augmenting sympathetic influ-

ences. Furthermore, angiotensin II along with
aldosterone increases renal sodium and water
reabsorption. The net effect of the renal ac-
tions is an increase in blood volume that aug-
ments cardiac output by the Frank-Starling
mechanism. In addition, chronic elevation of
angiotensin II promotes cardiac and vascular
hypertrophy. Therefore, hypertension caused
by renal artery stenosis is associated with in-
creases in cardiac output and systemic vascu-
lar resistance.

Renal disease (e.g., diabetic nephropathy,
glomerulonephritis) damages nephrons in the
kidney. When this occurs, the kidney cannot
excrete normal amounts of sodium, which
leads to sodium and water retention, in-
creased blood volume, and increased cardiac
output. Renal disease may increase the re-
lease of renin, leading to a renin-dependent
form of hypertension. The elevation in arterial
pressure secondary to renal disease can be
viewed as an attempt by the kidney to increase
renal perfusion, thereby restoring normal
glomerular filtration and sodium excretion.

Primary hyperaldosteronism is in-
creased secretion of aldosterone by an adrenal
adenoma or adrenal hyperplasia. This condi-
tion causes renal retention of sodium and wa-
ter, thereby increasing blood volume and arte-
rial pressure. Aldosterone acts upon the distal
convoluted tubule and cortical collecting duct
of the kidney to increase sodium reabsorption
in exchange for potassium and hydrogen ion,
which are excreted in the urine. Plasma renin
levels generally are decreased as the body at-
tempts to suppress the renin-angiotensin sys-
tem. In addition, hypokalemia is associated
with the high levels of aldosterone.

A pheochromocytoma (a catecholamine-
secreting tumor, usually in the adrenal
medulla) can cause high levels of circulating
catecholamines (both epinephrine and norep-
inephrine). A pheochromocytoma is diag-
nosed by measuring plasma or urine cate-
cholamine levels and their metabolites
(vanillylmandelic acid and metanephrine).
This condition leads to a-adrenoceptor-medi-
ated systemic vasoconstriction and ,-adreno-
ceptor-mediated cardiac stimulation that can
cause substantial elevations in arterial pres-
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sure. Although arterial pressure rises to very
high levels, tachycardia still occurs because of
the direct effects of the catecholamines on the
heart and vasculature. Excessive B;-adreno-
ceptor stimulation in the heart often leads to
arrhythmias in addition to the hypertension.
Aortic coarctation is a narrowing of the
aortic arch usually just distal to the left sub-
clavian artery. It is a congenital defect that ob-
structs aortic outflow, leading to elevated
pressures proximal to the coarctation (i.e., el-
evated arterial pressures in the head and
arms). Distal pressures, however, are not nec-
essarily reduced as would be expected from
the hemodynamics associated with a stenosis.
The reason for this is that reduced systemic
blood flow, and in particular reduced renal
blood flow, leads to an increase in the release
of renin and an activation of the renin-
angiotensin-aldosterone system. This in turn
elevates blood volume and arterial pressure.
Although the aortic arch and carotid sinus
baroreceptors are exposed to higher-than-nor-
mal pressures, the baroreceptor reflex is
blunted owing to structural changes in the
walls of vessels where the baroreceptors are
located. Furthermore, baroreceptors become
desensitized to chronic elevation in pressure
and become “reset” to the higher pressure.
Preeclampsia is a type of hypertension
that occurs in about 5% of pregnancies during
the third trimester. Preeclampsia differs from
less severe forms of pregnancy-induced hy-
pertension in that preeclampsia causes a loss
of albumin in the urine because of renal dam-
age, and it is accompanied by significant sys-
temic edema. Preeclampsia results from in-
creased blood volume and tachycardia, as well
as increased vascular responsiveness to vaso-
constrictors, which can lead to vasospasm. It is
unclear why some women develop this condi-
tion during pregnancy; however, it usually dis-
appears after parturition unless an underlying
hypertensive condition exists.
Hyperthyroidism induces systemic vaso-
constriction, an increase in blood volume, and
increased cardiac activity, all of which can lead
to hypertension. It is less clear why some pa-
tients with hypothyroidism also develop hy-
pertension, but it may be related to decreased

tissue metabolism reducing the release of va-
sodilator metabolites, thereby producing vaso-
constriction and increased systemic vascular
resistance.

Cushing’s syndrome, which results from
excessive glucocorticoid secretion, can lead to
hypertension. Glucocorticoids such as corti-
sol, which are secreted by the adrenal cortex,
share some of the same physiologic properties
as aldosterone, a mineralocorticoid also se-
creted by the adrenal cortex. Therefore, ex-
cessive glucocorticoids can lead to volume ex-
pansion and hypertension.

Physiologic Basis for Therapeutic
Intervention

If a person has secondary hypertension, it is
sometimes possible to correct the underlying
cause. For example, renal artery stenosis can
be corrected by placing a wire stent within the
renal artery to maintain vessel patency; aortic
coarctation can be surgically corrected; a
pheochromocytoma can  be removed.
However, for the majority of people who have
essential hypertension, the cause is unknown
so it cannot be targeted for correction.
Therefore, the therapeutic approach for these
patients involves modifying the factors that
determine arterial pressure by using drugs.
Because hypertension results from an in-
crease in cardiac output and increased sys-
temic vascular resistance, these are the two
physiologic mechanisms that are targeted in
drug therapy. In most hypertensive patients,
altered renal function causes sodium and wa-
ter retention. This increases blood volume,
cardiac output, and arterial pressure.
Therefore, the most common treatment for
hypertension is the use of a diuretic to stimu-
late renal excretion of sodium and water. This
reduces blood volume and arterial pressure
very effectively in most patients. In addition to
a diuretic, most hypertensive patients are
given at least one other drug. This is because
decreasing blood volume with a diuretic leads
to activation of the renin-angiotensin-aldo-
sterone system, which counteracts the effects
of the diuretic. Therefore, many patients are
given an angiotensin-converting enzyme
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(ACE) inhibitor or angiotensin receptor
blocker (ARB) as well.

In addition to using diuretics, cardiac out-
put can be reduced using B-blockers and the
more cardiac-selective  calcium-channel
blockers (e.g., verapamil). Beta-blockers are
particularly useful in patients who may have
excessive sympathetic stimulation owing to
emotional stress, and these drugs also inhibit
sympathetic-mediated release of renin.

In combination with a diuretic, some hy-
pertensive patients can be effectively treated
with an a-adrenoceptor antagonist, which di-
lates resistance vessels and reduces systemic
vascular resistance. Other drugs that reduce
systemic vascular resistance include ACE
inhibitors, angiotensin receptor blockers,
calcium-channel blockers (especially dihy-
dropyridines), and direct-acting arterial dila-
tors such as hydralazine.

Although pharmacologic intervention is an
important therapeutic modality in treating hy-
pertension, improved diet and exercise have
been shown to be effective in reducing arte-
rial pressure in many patients. A proper, bal-
anced diet that includes sodium restriction
can prevent the progressive of, and in some
cases reverse, cardiovascular changes associ-
ated with hypertension. Regular exercise, es-
pecially aerobic exercise, reduces arterial
pressure and has beneficial effects on vascular
function.

HEART FAILURE

Heart failure occurs when the heart is unable
to supply adequate blood flow and therefore
oxygen delivery to peripheral tissues and or-
gans, or to do so only at elevated filling pres-
sures. Heart failure most commonly involves
the left ventricle. Right ventricular failure, al-
though sometimes found alone or in associa-
tion with pulmonary disease, more often oc-
curs secondary to left ventricular failure. Mild
heart failure is manifested as reduced exercise
capacity and the development of shortness of
breath during physical activity (exertional
dyspnea). In more severe forms of heart fail-
ure, a patient may have virtually no capacity
for physical exertion and will experience dys-

pnea even while at rest. Furthermore, the pa-
tient will likely have significant pulmonary or
systemic edema.

More than 400,000 new cases of heart fail-
ure are diagnosed each year in the United
States. It is estimated that 15 million new
cases of heart failure occur each year world-
wide. The numbers are rapidly increasing ow-
ing to the aging population. Despite many
new advances in drug therapy, the prognosis
for chronic heart failure remains poor. One-
year mortality figures are 50% to 60% for pa-
tients diagnosed with severe failure, 15% to
30% for patients in mild to moderate failure,
and about 10% for patients in mild or asymp-
tomatic failure.

Causes of Heart Failure

Heart failure can be caused by factors origi-
nating from the heart (i.e., intrinsic disease or
pathology) or from external factors that place
excessive demands upon the heart. The
number-one cause of heart failure is coronary
artery disease, which reduces coronary blood
flow and oxygen delivery to the myocardium,
thereby causing myocardial hypoxia and im-
paired function. Another common cause of
heart failure is myocardial infarction.
Infarcted tissue does not contribute to the
generation of mechanical activity, and nonin-
farcted regions must compensate for the loss
of function. Over time, the additional de-
mands placed upon the noninfarcted tissue
can cause functional changes leading to fail-
ure. Valvular disease and congenital defects
place increased demands upon the heart that
can precipitate failure. Cardiomyopathies (in-
trinsic diseases of the myocardium that result
in a loss of inotropy) of known origin (e.g.,
bacterial or viral; alcohol-induced) or idio-
pathic can lead to failure. Infective or nonin-
fective myocarditis (inflammation of the myo-
cardium) can have a similar effect. Chronic
arrhythmias also can precipitate ventricular
failure.

External factors precipitating heart failure
include increased afterload (pressure load;
e.g., uncontrolled hypertension), increased
stroke volume (volume load; e.g., arterial-
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venous shunts), and increased body demands
(high output failure; e.g., thyrotoxicosis, preg-
nancy).

Systolic versus Diastolic Dysfunction

Heart failure can result from impaired ability
of the heart muscle to contract (systolic fail-
ure) or impaired filling of the heart (dias-
tolic failure). Systolic failure is caused by
changes in cellular signal transduction mech-
anisms and excitation-contraction coupling
that lead to a loss in inotropy (see Chapter 3).
Functionally, this causes a downward shift in
the Frank-Starling curve (Fig. 9-8). This de-
creases stroke volume and causes a compen-
satory rise in preload (clinically measured as
increased ventricular end-diastolic pressure
or volume, or increased pulmonary capillary
wedge pressure [see Pulmonary Wedge
Pressure on CD). The rise in preload is an
important compensatory mechanism because
it activates the Frank-Starling mechanism to
help maintain stroke volume despite the loss
of inotropy. If preload did not undergo a
compensatory increase, the decline in stroke
volume would be even greater for a given
loss of inotropy. As systolic failure pro-
gresses, the ability of the heart to compen-
sate by the Frank-Starling mechanism be-
comes exhausted.
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FIGURE 9-8 Effects of systolic failure on left ventricular
Frank-Starling curves. Systolic failure decreases stroke
volume and leads to an increase in ventricular preload
(left ventricular end-diastolic pressure, LVEDP). Point A,
control point; point B, systolic failure.

The effects of a loss of inotropy on stroke
volume, end-diastolic volume, and end-sys-
tolic volume can be depicted using ventricu-
lar pressure-volume loops (Fig. 9-9, panel A)
(the concept of pressure-volume loops was
developed in Chapter 4). Systolic failure de-
creases the slope of the end-systolic pressure-
volume relationship, which occurs because of
reduced inotropy. Because of this change, at
any given ventricular volume, less pressure
can be generated during systole and therefore
less volume can be ejected. This leads to an
increase in end-systolic volume. The pres-
sure-volume loop also shows that the end-
diastolic increases (compensatory increase in
preload). Ventricular preload increases be-
cause as the heart loses its ability to eject
blood, more blood remains in the ventricle at
the end of ejection. This results in the ventri-
cle filling to a larger end-diastolic volume as
venous return enters the ventricle. The in-
crease in end-diastolic volume, however, is
not as great as the increase in end-systolic
volume. Therefore, the net effect is a de-
crease in stroke volume (decreased width of
the pressure-volume loop). Because stroke
volume decreases and end-diastolic volume
increases, a substantial reduction in ejection
fraction occurs. Ejection fraction is normally
greater than 55%, but it can fall below 20% in
severe systolic failure.

The second type of heart failure is diastolic
failure, which is caused by impaired ventricu-
lar filling. Diastolic failure can be caused by
either decreased ventricular compliance (e.g.,
as occurs with ventricular hypertrophy; see
Chapter 4) or impaired relaxation (decreased
lusitropy; see Chapter 3). Reduced ventricular
compliance, whether of anatomic or physio-
logic origin, shifts the ventricular end-diastolic
pressure-volume relationship (i.e., passive fill-
ing curve) up and to the left (Fig. 9-9, panel
B). This results in less ventricular filling (de-
creased end-diastolic volume) and a greater
end-diastolic pressure. Stroke volume, there-
fore, decreases. Depending upon the relative
change in stroke volume and end-diastolic vol-
ume, ejection fraction may or may not change.
For this reason, reduced ejection fraction is
useful only as an indicator of systolic failure.
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FIGURE 9-9 Effects of systolic, diastolic, and combined failures on left ventricular pressure-volume loops. Panel A
shows that systolic failure decreases the slope of the end-systolic pressure-volume relationship and increases end-
systolic volume. This causes a secondary increase in end-diastolic volume. The net effect is that stroke volume and
ejection fraction decrease. Panel B shows that diastolic failure increases the slope of the end-diastolic pressure-
volume relationship (passive filling curve) because of reduced ventricular compliance caused either by hypertrophy or
decreased lusitropy. This reduces the end-diastolic volume and increases end-diastolic pressure. End-systolic volume
may decrease slightly as a result of reduced afterload. The net effect is reduced stroke volume; ejection fraction may
or may not change. Panel C shows that combined systolic and diastolic failure reduces end-diastolic volume and in-
creases end-systolic volume so that stroke volume is greatly reduced; end-diastolic pressure may become very high.
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Increased ventricular end-diastolic pres-
sure (which can exceed 30 mm Hg in left ven-
tricular failure—normally less than 10 mm
Hg) can have serious clinical consequences
because left atrial and pulmonary capillary
pressures rise. This can lead to pulmonary
edema when the pulmonary capillary wedge
pressure exceeds 20 mm Hg. If the right ven-
tricle is in diastolic failure, the increase in
end-diastolic pressure is reflected back into
the right atrium and systemic venous vascula-
ture. This can lead to peripheral edema and
abdominal ascites.

It is not uncommon in chronic heart failure
to have a combination of both systolic and di-
astolic dysfunction to varying degrees (Fig.
9-9, panel C). With both systolic and diastolic
dysfunction, the slope of the end-systolic pres-
sure-volume relationship is decreased and the
slope of the passive filling curve is increased.
This causes a dramatic reduction in stroke vol-
ume because end-systolic volume is increased
and end-diastolic volume is decreased. This

Ventricular
Failure

l

- Cardiac _

+

combination of systolic and diastolic dysfunc-
tion can lead to high end-diastolic pressures
that can cause pulmonary congestion and
edema.

Systemic Compensatory
Mechanisms in Heart Failure

Heart failure, whether systolic or diastolic in
nature, leads to a reduction in cardiac output.
In the absence of compensatory mechanisms,
a fall in cardiac output has two effects: de-
creased arterial pressure and increased cen-
tral venous pressure (see Fig. 5-14). These
changes activate neurohumoral mechanisms
that attempt to restore cardiac output and ar-
terial pressure (Fig. 9-10).

In response to an acute reduction in car-
diac output and arterial pressure, decreased
firing of arterial baroreceptors activates the
sympathetic adrenergic nerves to the heart
and vasculature. The baroreceptor reflex re-
sponds only to acute changes in arterial pres-
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FIGURE 9-10 Summary of neurohumoral changes associated with heart failure. Activation of the sympathetic ner-
vous system, the renin-angiotensin-aldosterone system, and vasopressin cause an increase in systemic vascular resis-
tance, blood volume, and central venous pressure. Although increased central venous pressure helps to enhance car-
diac output by the Frank-Starling mechanism, it can also lead to pulmonary and systemic edema. The increased
systemic vascular resistance, although helping to maintain arterial pressure, can impair cardiac output because of in-
creased afterload. Increased atrial natriuretic peptide counter-regulates the other hormonal systems.
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sure and therefore cannot be responsible for
the increased sympathetic drive when hy-
potension accompanies chronic heart failure.
In addition, not all patients in chronic heart
failure are hypotensive; therefore, it is not
clear what drives the characteristic increase in
sympathetic activity in heart failure.

Important humoral changes occur during
heart failure to help compensate for the re-
duction in cardiac output. Arterial hypoten-
sion, along with sympathetic activation, stimu-
lates renin release, leading to the formation of
angiotensin II and aldosterone. Vasopressin
(antidiuretic hormone) release from the pos-
terior pituitary is also stimulated. Increased
vasopressin release seems paradoxical because
right atrial pressure is often elevated in heart
failure, which should inhibit the release of va-
sopressin (see Chapter 6). It may be that va-
sopressin release is stimulated in heart failure
by sympathetic activation and increased an-
giotensin II.

These changes in neurohumoral status con-
strict resistance vessels, which causes an in-
crease in systemic vascular resistance to help
maintain arterial pressure. Venous capaci-
tance vessels constrict as well. This increased
venous tone further increases venous pres-
sure. Angiotensin II and aldosterone, along
with vasopressin, increase blood volume by in-
creasing renal reabsorption of sodium and wa-
ter. This contributes to a further increase in
venous pressure, which increases cardiac pre-

load and helps to maintain stroke volume
through the Frank-Starling mechanism.
Increased right atrial pressure stimulates the
synthesis and release of atrial natriuretic
peptide to counter-regulate the renin-
angiotensin-aldosterone system. These neuro-
humoral responses function as compensatory
mechanisms, but they can aggravate heart fail-
ure by increasing ventricular afterload (which
depresses stroke volume) and increasing pre-
load to the point at which pulmonary or sys-
temic congestion and edema occur.

Exercise Limitations Imposed
by Heart Failure

Heart failure can severely limit exercise ca-
pacity. In early or mild stages of heart failure,
cardiac output and arterial pressure may be
normal at rest because of compensatory
mechanisms. When the person in heart failure
begins to perform physical work, however, the
maximal workload is reduced and he or she
experiences fatigue and dyspnea at less than
normal maximal workloads.

A comparison of exercise responses in a
normal person and in a heart failure patient is
shown in Table 9-4. In this example, the de-
gree of heart failure is moderate to severe. At
rest, the person with congestive heart failure
(CHF) has reduced cardiac output (decreased
29%) caused by a 38% decrease in stroke
volume. Mean arterial pressure is slightly

TABLE 9-4 COMPARISON OF CARDIOVASCULAR FUNCTION IN A NORMAL
PERSON AND A PATIENT WITH MODERATE-TO-SEVERE
CONGESTIVE HEART FAILURE (CHF) AT REST AND AT MAXIMAL

(MAX) EXERCISE

co HR sV MAP VO, A-VO,

(LITERS/MIN) (BEATS/MIN) (ML) (MM HG) (ML O,/MIN) (ML 0,/100 ML)
Normal (Rest) 5.6 70 80 95 220 4.0
Normal (Max) 18.0 170 106 120 2500 13.9
CHF (Rest) 4.0 80 50 90 220 5.5
CHF (Max) 6.0 120 50 85 780 13.0

CO, cardiac output; HR, heart rate; SV, stroke volume; MAP, mean arterial pressure; VO,, whole-body oxygen con-
sumption; A-VO,, arterial-venous oxygen difference. VO, is calculated from the product of CO and A-VO,, after the
units for CO are converted to mL/min and the units for A-VO, are converted to mL O.,/mL blood.
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decreased, and resting heart rate is elevated.
Whole-body oxygen consumption is normal at
rest, but the reduced cardiac output results in
an increase in the arterial-venous oxygen dif-
ference as more oxygen is extracted from the
blood because organ blood flow is reduced. At
a maximally tolerated exercise workload, the
CHF patient can increase cardiac output by
only 50%, compared to a 221% increase in the
normal person. The reduced cardiac output is
a consequence of the inability of the left ven-
tricle to augment stroke volume as well as a
lower maximal heart rate. The CHF patient
has a significant reduction in arterial pressure
during exercise in contrast to the normal per-
son’s increase in arterial pressure. Arterial
pressure falls because the increase in cardiac
output is not sufficient to maintain arterial
pressure as the systemic vascular resistance
falls during exercise. The maximal whole-body
oxygen consumption is greatly reduced in the
CHF patient because reduced perfusion of
the active muscles limits oxygen delivery and
therefore the oxygen consumption of the mus-
cles. The CHF patient experiences substantial
fatigne and dyspnea during exertion, which
limits the patient’s ability to sustain the physi-
cal activity.

Some of the neurohumoral compensatory
mechanisms that operate to maintain resting
cardiac output in heart failure contribute to
limiting exercise capacity. The chronic in-
crease in sympathetic activity to the heart
down-regulates {,-adrenoceptors, which re-
duces the hearts chronotropic and inotropic
responses to acute sympathetic activation dur-
ing exercise. Increased sympathetic activity
(and possibly circulating vasoconstrictors) to
the skeletal muscle vasculature limits the de-
gree of vasodilation during muscle contrac-
tion. This limits oxygen delivery to the work-
ing muscle and leads to increased oxygen
extraction (increased arterial-venous oxygen
difference), enhanced lactic acid production
(and a lower anaerobic threshold), and muscle
fatigue at lower workloads. The increase in
blood volume, although helping to maintain
stroke volume at rest through the Frank-
Starling mechanism, decreases the reserve ca-

pacity of the heart to increase preload during
exercise.

Physiologic Basis for Therapeutic
Intervention

Therapeutic goals in the pharmacologic treat-
ment of heart failure include (1) reducing the
clinical symptoms of edema and dyspnea; (2)
improving cardiovascular function to enhance
organ perfusion and increase exercise capac-
ity; and (3) reducing mortality.

Four pharmacologic approaches are taken
to achieve these goals. The first approach is to
reduce venous pressure to decrease edema and
help relieve the patient of dyspnea. Diuretics
are routinely used to reduce blood volume by
increasing renal excretion of sodium and water.
Drugs that dilate the venous vasculature (e.g.,
angiotensin-converting enzyme inhibitors) also
can reduce venous pressure. Judicious use of
these drugs to decrease blood volume and ve-
nous pressure does not significantly reduce
stroke volume because the Frank-Starling
curve associated with systolic failure is rela-
tively flat at left ventricular end-diastolic pres-
sures above 15 mm Hg (see Fig. 9-8).

The second approach is to use drugs that
reduce afterload on the ventricle by dilating
the systemic vasculature. Drugs such as an-
giotensin-converting enzyme inhibitors and
angiotensin receptor blockers have proven to
be useful in this regard for patients with
chronic heart failure. Decreasing the afterload
on the ventricle can significantly enhance
stroke volume and ejection fraction, which
also reduces ventricular end-diastolic volume
(preload). Because arterial vasodilators en-
hance cardiac output in heart failure patients,
the reduction in systemic vascular resistance
does not usually lead to an unacceptable fall in
arterial pressure.

The third approach is to use drugs that
stimulate ventricular inotropy. A commonly
used drug is digitalis, which inhibits the
Na*/K*- ATPase and thereby increases intra-
cellular calcium (see Chapter 2). This drug,
however, has not been shown to reduce mor-
tality associated with heart failure. Drugs that
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CASE 9-3

A patient is diagnosed with dilated cardiomyopathy. The echocardiogram shows sub-
stantial left ventricular dilation (end-diastolic volume is 240 mL) and an ejection frac-
tion of 20%; the arterial pressure is 115/70 mm Hg. Calculate the stroke volume and
end-systolic volume. How would combined therapy with an angiotensin-converting en-
zyme (ACE) inhibitor and diuretic alter ventricular volumes, ejection fraction, and arte-
rial pressure?

Given that the ejection fraction is 20% and the end-diastolic volume is 240 mL, the
stroke volume is 48 mL/beat using the following relationship: stroke volume = ejection
fraction x end-diastolic volume. The end-systolic volume is the end-diastolic volume mi-
nus the stroke volume, which equals 192 mL. The administration of a diuretic would
decrease the end-diastolic volume by decreasing blood volume. The ACE inhibitor
would reinforce the effects of the diuretic on the kidney and also cause dilation of re-
sistance and capacitance vessels. These actions would further decrease end-diastolic
pressure by decreasing venous pressure, and would reduce the afterload. This latter ef-
fect enhances stroke volume by decreasing the end-systolic volume and increasing the
cardiac output. The increased stroke volume and decreased end-diastolic volume would
cause the ejection fraction to increase. Although the ACE inhibitor would decrease sys-
temic vascular resistance, the increased cardiac output might prevent arterial pressure
from falling, or at least partially offset the pressure-lowering effect of systemic vasodi-

lation.

stimulate 3,-adrenoceptors (e.g., dobutamine)
or inhibit cAMP-dependent phosphodi-
esterase (e.g., milrinone) are sometimes used
as inotropic agents (see Chapter 3). With the
exception of digitalis, inotropic drugs are used
only in acute heart failure and end-stage
chronic failure because their long-term use
has been shown to be deleterious to the heart.

The fourth therapeutic approach involves
using B-blockers. Although this might seem
counterintuitive, many recent clinical trials
have clearly demonstrated the efficacy of
newer generation B-blockers (e.g., carvedilol).
The mechanism of their efficacy is not clear,
but it is known that long-term sympathetic ac-
tivation of the heart is deleterious. Therefore,
B-blockers probably work by reducing the
deleterious actions of long-term sympathetic
activation. Beta-blockers (as well as an-
giotensin-converting enzyme inhibitors) pro-
vide long-term benefit through ventricular
remodeling (e.g., reducing ventricular hyper-
trophy or dilation). Furthermore, B-blockers

such as carvedilol significantly reduce mortal-
ity in heart failure.

It should be noted that the therapeutic ap-
proaches described above are nearly always
used in combination with a diuretic.

SUMMARY OF IMPORTANT
CONCEPTS

¢ Dynamic exercise such as running is associ-
ated with a large fall in systemic vascular
resistance owing to metabolic vasodilation
in active skeletal muscle (i.e., active hyper-
emia). To maintain (and elevate) arterial
pressure, sympathetic activation increases
cardiac output and constricts blood vessels
in the gastrointestinal tract, nonactive mus-
cles, and kidneys. Skin blood flow increases
to facilitate heat loss.

e Adrenal release of catecholamines and ac-
tivation of the renin-angiotensin-aldo-
sterone system contribute directly or indi-
rectly to the cardiac stimulation and
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changes in vascular resistance that occur
during exercise.

Cardiovascular responses to exercise are
significantly influenced by the type of exer-
cise (dynamic versus static), body posture,
physical conditioning, altitude, tempera-
ture, age, and gender.

The skeletal muscle and abdominothoracic
pump systems, along with increased ve-
nous tone, facilitate venous return during
exercise and prevent preload from falling
as heart rate and inotropy increase, thereby
enabling cardiac output to increase.
Pregnancy is associated with an increase in
blood volume and cardiac output and a de-
crease in systemic vascular resistance and
mean arterial pressure; heart rate gradually
increases during pregnancy.

Hypotension is most commonly caused by
a reduction in cardiac output, which can
result from heart failure, cardiac arrhyth-
mias, hemorrhage, dehydration, or chang-
ing from supine to standing position.
Impaired baroreceptor reflexes (e.g., auto-
nomic dysfunction associated with dia-
betes) or reduced systemic vascular resis-
tance as occurs in circulatory shock (e.g.,
septic shock) can also cause hypotension.
Negative feedback compensatory mecha-
nisms are triggered by hypotension, and
they help to restore arterial pressure.
These mechanisms include baroreceptor
reflexes, renin-angiotensin-aldosterone sys-
tem activation, increased circulating vaso-
pressin (antidiuretic hormone), adrenal re-
lease of catecholamines, and enhanced
capillary fluid reabsorption.

Severe hypotension activates positive feed-
back mechanisms that can lead to irre-
versible shock and death. These mecha-
nisms include cardiac depression caused by
myocardial ischemia and acidosis, vascular
escape from sympathetic vasoconstriction,
autonomic depression resulting from cere-
bral ischemia, rheological factors that im-
pair organ perfusion, and systemic inflam-
matory responses that damage tissues and
impair perfusion.

Hypertension can result from increases in
cardiac output or systemic vascular resis-

tance. Impaired sodium and water excre-
tion by the kidneys, leading to increases in
blood volume and cardiac output, appears
to be a major factor in the development of
essential hypertension, although increases
in systemic vascular resistance occur as the
disease progresses. Conditions causing sec-
ondary hypertension include renal artery
stenosis, renal disease, primary hyperaldos-
teronism, pheochromocytoma, aortic
coarctation, pregnancy, hyperthyroidism,
and Cushing’s syndrome.

Hypertension can be controlled by drugs
that (1) reduce cardiac output (e.g., B-block-
ers, calcium-channel blockers); (2) decrease
systemic vascular resistance (e.g., a-adreno-
ceptor antagonists, calcium-channel block-
ers, angiotensin-converting enzyme in-
hibitors, angiotensin receptor blockers); and
(3) reduce blood volume (e.g., diuretics).
Heart failure occurs when the heart is un-
able to supply adequate blood flow and
thus oxygen delivery to peripheral tissues
and organs, or when it is able to do so only
at elevated filling pressures. It may involve
systolic dysfunction (depressed ventricular
inotropy) or diastolic dysfunction. The lat-
ter is associated with reduced ventricular
compliance, often caused by hypertrophy
or impaired relaxation; this leads to im-
paired filling.

Heart failure is associated with the follow-
ing cardiovascular changes and clinical
symptoms: reduced stroke volume, re-
duced ejection fraction (systolic dysfunc-
tion), increased ventricular and atrial filling
pressures, increased blood volume, venous
congestion, pulmonary or systemic edema,
increased systemic vascular resistance, hy-
potension (depending upon severity),
shortness of breath, fatigue, and reduced
exercise capacity.

The following compensatory mechanisms
are activated during heart failure: sympa-
thetic nervous system, renin-angiotensin-
aldosterone system, atrial natriuretic pep-
tide, and vasopressin. The overall effect of
these mechanisms is an increase in blood
volume and systemic vascular resistance to
help maintain arterial pressure.
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e Pharmacologic management of heart fail-
ure is directed toward the following: (1) re-
ducing blood volume, venous congestion,
and edema by using diuretics; (2) dilating
the systemic vasculature to reduce after-
load on the ventricle and thereby improve
stroke volume and reduce preload; (3)
stimulating the heart with positive in-
otropic drugs to increase stroke volume
and reduce preload (particularly in acute
heart failure); and (4) reducing the delete-
rious effects of chronic sympathetic activa-
tion by using B-blockers.

Please refer to appendix for the answers to
the review questions.
For each question, choose the one best
answer:
1. During a moderate level of whole-body
exercise (e.g., running),

a. Arterial pulse pressure decreases
owing to the elevated heart rate.

b. Sympathetic-mediated vasoconstric-
tion occurs in the skin.

c. Systemic vascular resistance in-
creases owing to sympathetic activa-
tion.

d. Vagal influences on the sinoatrial
node are inhibited.

2. One important reason why stroke vol-
ume is able to increase during running
exercise is that

a. Central venous pressure decreases.

b. Heart rate increases.

c¢. The rate of ventricular relaxation de-
creases.

d. Venous return is enhanced by the
muscle pump system.

3. Maximal cardiac output during exercise

a. Decreases with age because of de-
creased maximal heart rate and
stroke volume.

b. Increases by exercise training owing
to increased maximal heart rates.

c. Is higher when exercising in a stand-
ing than in a supine position.

d. Is higher with static than dynamic
exercise.

4. In an exercise study, the subject’s rest-

ing heart rate and left ventricular
stroke volume were 70 beats/min and
80 mL/beat, respectively. While the
subject was walking rapidly on a tread-
mill, the heart rate and stroke volume
increased to 140 beats/min and 100
mI/beat, respectively; ejection frac-
tion increased from 60% to 75%. The
subject’s mean arterial pressure in-
creased from 90 mm Hg at rest to 110
mm Hg during exercise. One can con-
clude that

a. Cardiac output doubled.

b. Compared to rest, the cardiac out-
put increased proportionately more
during exercise than systemic vascu-
lar resistance decreased.

c¢. Ventricular end-diastolic volume in-
creased.

d. The increase in mean arterial pres-
sure during exercise indicates that
systemic vascular resistance in-
creased.

. During pregnancy,

a. Systemic vascular resistance is in-
creased.

b. Heart rate is decreased.

c. Cardiac output is decreased.

d. Blood volume is increased.

. The baroreceptor reflex in hemorrhagic

shock
a. Decreases venous compliance.
b. Decreases systemic vascular resis-
tance.
c. Increases vagal tone on the SA node.
d. Stimulates angiotensin II release
from the kidneys.

. Long-term recovery of cardiovascular

homeostasis following moderate hemor-
rhage involves
a. Aldosterone inhibition of renin re-
lease.
b. Enhanced renal loss (excretion) of
sodium.
c. Increased capillary fluid filtration.
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d. Vasopressin-mediated water reab-
sorption by the kidneys.

8. A mechanism that may contribute to ir-
reversible, decompensated hemorrhagic
shock is

a. Diminished sympathetic-mediated
vasoconstriction.

b. Increased capillary fluid reabsorp-
tion.

c¢. Myocardial depression by metabolic
alkalosis.

d. Increased renin release by kidneys.

9. Hypertension may result from
a. Excessive nitric oxide production by
vascular endothelium.
b. Low plasma concentrations of cate-
cholamines.
c. Low plasma renin activity.
d. Decreased renal sodium excretion.

10. One mechanism by which a B-blocker
lowers blood pressure in a patient with
essential hypertension is by

a. Dilating the systemic vasculature.
b. Increasing plasma renin activity.
c. Increasing ventricular preload.

d. Reducing heart rate.

11. Left ventricular systolic failure is usually
associated with

a. Decreased systemic vascular resis-
tance.

b. Increased ejection fraction.

c. Increased left ventricular end-
diastolic volume.

d. Reduced pulmonary capillary pres-

sures.

12. Compared to the maximal exercise re-
sponses of a normal subject, a patient
with moderate-to-severe heart failure
during maximal exercise will have a

a. Lower arterial pressure.
b. Lower arterial-venous oxygen extrac-
tion.

c. Higher ejection fraction.
d. Similar maximal oxygen consump-
tion.

13. Reducing afterload with an arterial va-
sodilator in a patient diagnosed with
heart failure

a. Improves ventricular ejection frac-
tion.

b. Increases stroke volume by increas-
ing preload.

c. Reduces organ perfusion.

d. Reduces preload and cardiac output.
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APPENDIX

Answers to Review Questions

CHAPTER 1

1. The correct answer is “a” because blood
flow carries heat from the deep organs
within the body to the skin where the heat

to increase blood volume (angiotensin II
and aldosterone).

CHAPTER 2

1. The correct answer is “d” because the sar-

energy can be given off to the environ-
ment. Choice “b” is incorrect because the
pulmonary and systemic circulations are
in series. Choice “c” is incorrect because
carbon dioxide is transported from the tis-
sues to the lungs. Choice “d” is incorrect
because blood transports oxygen from the
lungs to the tissues.

2. The correct answer is “d” because when

the volume per beat (stroke volume) is
multiplied by the number of beats per
minute (heart rate), the units become vol-
ume per minute, which is the flow out of
the heart (cardiac output). Choice “a” is
incorrect because the pulmonary veins
empty into the left atrium. Choice “b” is
incorrect because the left ventricle gener-
ates much higher pressures than the right
ventricle during contraction. Choice “c” is
incorrect because the right and left ven-
tricles are in series.

. The correct answer is “a” because when a
person stands up, blood pools in the legs,
reducing the filling of the heart, which
leads to a fall in cardiac output and arter-
ial pressure. Choice “b” is incorrect be-
cause increased blood volume leads to an
increase in cardiac output and arterial
pressure. Choice “c” is incorrect because
increased cardiac output increases arterial
pressure. Choice “d” is incorrect because
increases in circulating angiotensin II and
aldosterone increase arterial pressure by
constricting systemic blood vessels (an-
giotensin II) and by acting on the kidneys

colemmal Na*/K*-ATPase is an electro-
genic pump that generates hyperpolariz-
ing currents; inhibition of this pump
results in depolarization. Furthermore,
inhibition of the pump leads to an in-
crease in intracellular sodium and a de-
crease in intracellular potassium, both of
which cause depolarization. Choices “a”
and “b” are incorrect because decreased
calcium and sodium conductance reduces
the inward movement of positive charges
that normally depolarize the membrane.
Choice “c” is incorrect because increased
potassium conductance hyperpolarizes
the membrane (see Equations 2-4 and
2-5).

. The correct answer is “c¢” because slow

depolarization leads to closure of the h-
gates, which inactivates the fast sodium
channels. Choice “a” is incorrect because
the m-gates open at the onset of phase 0,
which activates the fast sodium channels.
Choice “b” is incorrect because it is the
closure of the h-gates that inactivates the
channel. Choice “d” is incorrect because
L-type (long-lasting) calcium channels
have a prolonged phase of activation be-
fore they become inactivated.

. The correct answer is “d” because the

membrane potential during phase 4 is pri-
marily determined by the high potassium
conductance. Choices “a,” “b,” and “c¢” are
incorrect because the overall potassium

conductance is reduced during phases 0

215
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through 2, and it begins to recover only
during early phase 3.

. The correct answer is “a” because one ef-

fect of B,-adrenoceptor activation is to in-
crease I;, which enhances the rate of
spontaneous depolarization. Choice “b” is
incorrect because fast sodium channels
are inactivated in SA nodal cells; inward
calcium currents are responsible for
phase 0. Choice “c¢” is incorrect because
potassium conductance is lowest during
phase 0. Choice “d” is incorrect because
vagal stimulation reduces pacemaker fir-
ing rate, in part, by decreasing the slope
of phase 4.

. The correct sequence of activation and

<

conduction within the heart is choice “a”.

. The correct answer is “b” because acetyl-

choline released by the vagus nerve binds
to M, receptors, which decreases conduc-
tion velocity. Removal of vagal tone
through the use of a muscarinic receptor
antagonist (e.g., atropine) leads to an in-
crease in conduction velocity. Choice “a”
is incorrect because blocking B,-adreno-
ceptors would decrease the influence of
sympathetic nerves on the AV node and
lead to a decrease in conduction velocity.
Choice “¢” is incorrect because depolar-
ization of the AV node, which occurs dur-
ing hypoxic conditions, decreases conduc-
tion velocity. Choice “d” is incorrect
because L-type calcium channel blockers
(e.g., verapamil) reduce conduction ve-
locity by decreasing the rate of calcium
entry into the cells during depolarization,
which decreases the slope of phase 0 in
AV nodal cells.

The correct answer is “c” because the T
wave represents repolarization of the ven-
tricular muscle. Choice “a” is incorrect
because the normal P-R interval is be-
tween 0.12 and 0.20 seconds. Choice “b”
is incorrect because the duration of the
ventricular action potential is most closely
associated with the Q-T interval. Choice
“d” is incorrect because the duration of
the QRS complex is normally less than 0.1
seconds.

8.

10.

The correct answer is “a” because the
positive electrode is on the left arm and
the negative electrode in on the right arm
for lead 1. Choices “b” and “d” are incor-
rect because lead IT and aV;. have the pos-
itive electrode on the left leg. Choice “c”
is incorrect because the positive electrode
is on the right arm for aVy.

The correct answer is “a” because when
lead I is biphasic, the mean electrical axis
must be perpendicular to that lead, and
therefore it is either —30° or +150°
Because aV/, is positive, the mean electri-
cal axis must be —30° because that is the
axis for aV,. All the other choices are
therefore incorrect.

The correct answer is “c” because a com-
plete dissociation between P waves and
QRS complexes indicates a complete
(third-degree) AV mnodal block. Fur-
thermore, the rate of ventricular depolar-
izations and the normal shape and dura-
tion of the QRS complexes suggest that
the pacemaker driving ventricular depo-
larization lies within the AV node or bun-
dle of His so that conduction follows nor-
mal ventricular pathways. Choice “a” is
incorrect because a first-degree AV nodal
block increases only the P-R interval.
Choice “b” is incorrect because some of
the QRS complexes would still be pre-
ceded by a P wave in a second-degree
block. Choice “d” is incorrect because
premature ventricular complexes nor-
mally have an irregular discharge rhythm
and the QRS is abnormally shaped and
has a longer-than-normal duration.

CHAPTER 3

1.

The correct answer is “b” because myosin
light chain kinase is involved in myosin
phosphorylation in both types of muscle.
Choice “a” is incorrect because dense
bodies are specialized regions found only
within vascular smooth muscle cells
where bands of actin filaments are joined
together. Choices “c” and “d” are incor-
rect because these structures are found in



cardiac muscle cells, not smooth muscle
cells.

2. The correct answer is “b” because myosin

is the major component of the thick fila-
ment. Choices “a,” “c,” and “d” are incor-
rect because they are all components of
the thin filament.

. The correct answer is “c¢” because a
myosin binding site is exposed on the
actin after calcium binds to TN-C.
Choices “a” and “b” are incorrect because
calcium binds to TN-C, not myosin or
TN-I. Choice “d” is incorrect because
SERCA pumps calcium back into the sar-
coplasmic reticulum.

. The correct answer is “d” because phos-
phorylation of the L-type calcium chan-
nels by protein kinase A increases the per-
meability of the channel to calcium,
thereby permitting more calcium to enter
the cell during depolarization, which trig-
gers the release of calcium by the sar-
coplasmic reticulum. Choice “a” is incor-
rect because Gi-protein  activation
decreases cAMP formation, thereby de-
creasing inotropy. Choice “b” is incorrect
because calcium binding to TN-C en-
hances inotropy. Choice “¢” is incorrect
because it is the calcium that is released
by the terminal cisternae of the sarcoplas-
mic reticulum that binds to TN-C leading
to contraction.

. The correct answer is “d” because B,-
adrenoceptor activation in vascular smooth
muscle increases cAMP, which inhibits
phosphorylation of myosin light chains by
myosin light chain kinase. Choice “a” is in-
correct because activation of myosin light
chain kinase leads to myosin phosphoryla-
tion and contraction. Choice “b” is incor-
rect because PBs-adrenoceptor activation
causes smooth muscle relaxation. Choice
“c” is incorrect because B,-adrenoceptor
activation increases cAMP.

. The correct answer is “c¢” because an-
giotensin II receptors (AT,) are coupled
to the Gg-protein and phospholipase C,
which increases IP;, when activated.
Choice “a” is incorrect because an-
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giotensin II activates the Gqg-protein.
Choice “b” is incorrect because the Gg-
protein stimulates IP; formation, not
cAMP. Choice “d” is incorrect because
the increase in IP; stimulates calcium re-
lease from the sarcoplasmic reticulum.

. The correct answer is “b” because en-

dothelin-1 (ET-1) acts through the Gqg-
protein pathway to increase IP;, which
leads to contraction. Choices “a” and “c”
are incorrect because increased nitric ox-
ide stimulates the formation of ¢GMP,
which leads to relaxation. Choice “d” is in-
correct because prostacyclin  (PGI,)
causes smooth muscle relaxation by acting
through the Gs-protein and stimulating
the formation of cAMP.

CHAPTER 4

1. The correct answer is “c” because the mi-

tral valve is open throughout ventricular
filling. Choice “a” is incorrect because S,,
when heard, is associated with atrial con-
traction and frequently is heard in hyper-
trophied hearts. Choice “b” is incorrect
because the aortic valve is open only dur-
ing ventricular ejection. Choice “d” is in-
correct because the ventricular pressure
is higher than aortic pressure only during
the phase of rapid ejection.

. The correct answer is “c¢” because more

time is available for filling at reduced
heart rates (diastole is lengthened); there-
fore, preload is increased at reduced
heart rates. Choices “a,” “b,” and “d” are
incorrect because decreased atrial con-
tractility, blood volume, and ventricular
compliance lead to reduced ventricular

filling and therefore reduced preload.

. The correct answer is “a” because in-

creased preload causes length-dependent
activation of actin and myosin, which in-
creases active tension development. This
is the basis for the Frank-Starling mecha-
nism. Choice “b” is incorrect because
changes in inotropy are independent
of sarcomere length. Choice “c” is incor-
rect because an increase in preload, by



218

APPENDIX

definition, is an increase in sarcomere
length. Choice “d” is incorrect because an
increase in preload increases the velocity
of shortening by shifting the force-
velocity curve to the right.

The correct answer is “d” because ven-
tricular hypertrophy reduces ventricular
compliance, which results in elevated
end-diastolic pressures when the ventri-
cle fills. Choice “a” is incorrect because
decreased afterload leads to a reduction
in end-systolic volume, which results in a
secondary fall in end-diastolic volume and
pressure. Choice “b” is incorrect because
decreased venous return decreases ven-
tricular filling, which decreases ventricu-
lar end-diastolic volume and pressure.
Choice “c¢” is incorrect because increased
inotropy reduces end-systolic volume,
which results in a secondary fall in end-
diastolic volume and pressure.

The correct answer is “a” because de-
creased inotropy diminishes the ability of
the ventricle to develop pressure and
eject blood. Choice “b” is incorrect be-
cause increased venous return increases
stroke volume by the Frank-Starling
mechanism. Choice “c” is incorrect be-
cause reduced afterload enhances the
ability of the ventricle to eject blood and
therefore increases stroke volume.
Choice “d” is incorrect because a reduced
heart rate provides more time for filling,
which increases preload and stroke vol-
ume by the Frank-Starling mechanism.

. The correct answer is “¢” because a de-

crease in inotropy causes a reduction in
stroke volume, which increases the end-
systolic volume. Choice “a” is incorrect
because a sudden increase in aortic pres-
sure increases the afterload on the ventri-
cle, which reduces stroke volume and in-
creases end-systolic volume. Choice “b” is
incorrect because end-diastolic volume,
by definition, is the ventricular volume at
the end of filling, whereas the end-systolic
volume is that which is left in the ventri-
cle after ejection. Choice “d” is incorrect
because increasing preload alone does not
change end-systolic volume.

7.

10.

« >

The correct answer is “a” because B,-
adrenoceptors are coupled to the Gs-pro-
tein, which increases cAMP (see Chapter
3). Choice “b” is incorrect because an in-
crease in heart rate leads to an increase in
inotropy (Bowditch effect), probably ow-
ing to an increase in intracellular calcium.
Choice “c” is incorrect because calcium
movement into the cell during the action
potential triggers the release of calcium
from the sarcoplasmic reticulum, which
leads to contraction (see Chapter 3).
Therefore, decreased calcium entry into
the cell results in less calcium release by
the sarcoplasmic reticulum and decreased
inotropy. Choice “d” is incorrect because
Vagal activation decreases inotropy.

The correct answer is “b” because an in-
crease in inotropy increases stroke vol-
ume, which is the width of the pressure-
volume loop. Choice “a” is incorrect
because increased inotropy increases
stroke volume and reduces the end-
systolic volume. Choice “c¢” is incorrect
because increased inotropy causes a sec-
ondary reduction in end-diastolic volume
because of the reduced end-systolic vol-
ume. Choice “d” is incorrect because in-
creased inotropy shifts the force-velocity
curve to the right so that for any given af-
terload, an increase in muscle fiber short-
ening velocity occurs.

. The correct answer is “b”. Choices “a”

and “c” are incorrect because increas-
ing afterload decreases ejection velocity
and stroke volume, which leads to
an increase in end-systolic volume.
Choice “d” is incorrect because V..,
which is the y-intercept of the force-
velocity relationship, changes only when
there are changes in inotropy.

The correct answer is “b” because an in-
crease in end-diastolic volume will in-
crease stroke volume; however, stroke
volume changes are about one-fourth as
effective in changing myocardial oxygen
consumption as are changes in heart rate,
mean arterial pressure, or ventricular ra-
dius because of the relationships between
oxygen consumption, wall stress, ventric-



ular pressure, and ventricular radius. For
this reason, choices “a,” “c,” and “d” are

incorrect.

>

CHAPTER 5

1. The correct answer is

«

¢” because these
vessels are the most permeable to fluid.
Choice “a” is incorrect because capillar-
ies, not arterioles, have the highest indi-
vidual resistance because of their small
diameter. Choice “b” is incorrect because
the large number of parallel capillaries re-
duces their overall resistance as a group of
vessels. Choice “d” is incorrect because
the small arteries and arterioles are the
primary sites for pressure and flow regu-
lation.

2. The correct answer is “a” because any fac-

tor that reduces stroke volume will de-
crease pulse pressure. Choice “b” is in-
correct because increased inotropy
increases stroke volume, which increases
pulse pressure. Choice “c” is incorrect be-
cause aortic compliance decreases with
age. Choice “d” is incorrect because the
perfusion pressure for the systemic circu-
lation is aortic pressure minus right atrial
pressure.

. The correct answer is “c;” “a” and “b” are
incorrect because reducing heart rate by
10% without changing stroke volume de-
creases cardiac output by 10%. Because
mean arterial pressure is also reduced by
10% and mean arterial pressure equals
cardiac output times systemic vascular re-
sistance (when central venous pressure is
Zero), systemic vascular resistance is not
changed. Choice “d” is incorrect because
systemic vascular resistance changes if the
systemic vasculature dilates.

. The correct answer is “d” because a 50%
increase in diameter will increase flow by
about five-fold because flow is propor-
tional to radius (or diameter) to the fourth
power in a single vessel segment (assum-
ing that the pressure gradient does not
change appreciably). Choice “a” is incor-
rect because decreasing temperature in-
creases blood viscosity, which decreases
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flow. Choice “b” is incorrect because in-
creasing perfusion pressure by 100% in-
creases flow by about 100%. Choice “c” is
incorrect because flow is inversely related
to blood viscosity.

. The correct answer is “a” because sys-

temic vascular resistance equals arterial
minus venous pressure (mm Hg) divided
by cardiac output (mL/min).

. The correct answer is “b” because the re-

nal artery is the distributing artery to the
kidney, which is in series with the renal
artery. Although decreasing the diameter
by 50% increases the resistance of the re-
nal artery sixteen-fold, the total renal re-
sistance increases only about 15% be-
cause the renal artery resistance is about
1% of total renal resistance. Therefore,
flow will decrease about 13%.

. The correct answer is “a” because a

forced expiration against a closed glottis
(Valsalva maneuver) increases in-
trapleural pressure, which compresses
the vena cava and increases central ve-
nous pressure. Choice “b” is incorrect be-
cause increasing cardiac output decreases
venous blood volume, which decreases
central venous pressure. Choice “c” is in-
correct because increasing venous com-
pliance decreases venous pressure.
Choice “d” is incorrect because gravita-
tional forces associated with standing
causes blood to pool in the legs, which de-
creases central venous volume and pres-
sure.

. Choice “d” is correct because inspiration

reduces intrapleural pressure, which ex-
pands the right atrium, lowers its pres-
sure, and thereby enhances venous re-
turn. Choice “a” is incorrect because an
increase in cardiac output must increase
venous return because the circulatory sys-
tem is closed. Choice “b” is incorrect be-
cause decreased sympathetic activation of
the veins causes them to relax, which in-
creases their compliance. This reduces
preload on the heart, which leads to a re-
duction in cardiac output and venous re-
turn. Choice “c” is incorrect because a
Valsalva maneuver increases intrapleural
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pressure, compresses the vena cava, and
reduces venous return.

. Choice “a” is correct because decreased

venous compliance shifts the systemic
function curve to the right, which in-
creases the mean circulatory filling pres-
sure (value of the x-intercept). Choice “b”
is incorrect because changes in systemic
vascular resistance alter the slope of the
systemic function curve, but not its x-in-
tercept. Choice “¢” is incorrect because a
decrease in blood volume causes a paral-
lel shift in the systemic function curve to
the left, which decreases mean circulatory
filling pressure. Choice “d” is incorrect
because mean circulatory filling pressure,
by definition, is the intravascular pressure
when cardiac output is zero, and there-
fore it is independent of cardiac output.
The correct answer is “b” because a de-
crease in systemic vascular resistance in-
creases the slope of the systemic function
curve. Choices “a” and “d” are incorrect
because decreased blood volume and in-
creased venous compliance decrease right
atrial pressure and cardiac output by
causing a leftward parallel shift in the sys-
temic function curve. Choice “c¢” is incor-
rect because increased heart rate in-
creases cardiac output a small amount
and decreases right atrial pressure.

CHAPTER 6

1.

The correct answer is “c” because this re-
gion of the brainstem contains cell bodies
for both sympathetic and parasympathetic
neurons; choices “a” and “b” are therefore
incorrect. Choice “d” is incorrect because
the nucleus tractus solitarius is the region
in the medulla that receives afferent
fibers from peripheral sensors (e.g.,
baroreceptors) and then sends excitatory
or inhibitory fibers to sympathetic and
parasympathetic neurons within the
medulla.

The correct answer is “b” because norepi-
nephrine binds to a,-adrenoceptors located
on vascular smooth muscle to stimulate
vasoconstriction. Choice “a” is incorrect be-
cause norepinephrine preferentially binds

to B,-adrenoceptors in the heart. Choice
“c” is incorrect because prejunctional B,-
adrenoceptors facilitate norepinephrine re-
lease (prejunctional as-adrenoceptors in-
hibit release). Choice “d” is incorrect
because norepinephrine stimulates renin
release through B,-adrenoceptors.

. The correct answer is “d” because the va-

gus nerve is parasympathetic cholinergic
and therefore releases acetylcholine.
Choice “a” is incorrect because efferent
right vagal stimulation primarily affects
the sinoatrial node and has no significant
direct effects on the systemic vasculature.
Choice “b” is incorrect because vagal
stimulation decreases atrial inotropy.
Choice “c” is incorrect because right vagal
stimulation reduces heart rate by decreas-
ing the slope of phase 4 of the pacemaker
action potential.

. The correct answer is “¢” because in-

creased carotid artery pressure stimulates
the firing of carotid sinus baroreceptors
(therefore, choice “a” is incorrect), which
leads to a reflex activation of vagal effer-
ents to slow the heart rate (therefore,
choice “d” is incorrect). Choice “b” is in-
correct because the baroreceptor reflex
would attempt to reduce arterial pressure
by withdrawing sympathetic tone on the
systemic vasculature.

. The correct answer is “b” because in-

creased blood pCO, stimulates chemore-
ceptors, which activate the sympathetic
nervous system to constrict the systemic
vasculature and raise arterial pressure.
Choice “a” is incorrect because submerg-
ing the face in cold water elicits the “div-
ing reflex,” which causes bradycardia.
Choice “c” is incorrect because increased
carotid sinus firing (usually caused by ele-
vated arterial pressure) causes a reflex
decrease in heart rate brought about by
vagal activation and sympathetic with-
drawal. Choice “d” is incorrect because
the vasovagal reflex causes vagal activa-
tion and bradycardia.

. The correct answer is “d” because this

dose of epinephrine binds to both B, and
a,-adrenoceptors  on  blood vessels.
Therefore, if the B,-adrenoceptors (which



produce vasodilation) are blocked, the a;-
adrenoceptors can produce vasoconstric-
tion unopposed by the B,-adrenoceptors.
Choice “a” is incorrect because the unop-
posed a-adrenoceptor activation in-
creases arterial pressure. Choice “b” is in-
correct because epinephrine binds to
both a and B-adrenoceptors. Choice “c” is
incorrect because the increase in arterial
pressure will cause a reflex bradycardia.

. The correct answer is “c¢” because acetyl-
choline dilates blood vessels, which low-
ers arterial pressure and causes a barore-
ceptor-mediated increase in heart rate
brought about by sympathetic activation.
Choice “a” is incorrect because stimula-
tion of muscarinic receptors on the sinoa-
trial node induces bradycardia. Choice
“b” is incorrect because the hypotension
causes decreased carotid sinus firing.
Choice “d” is incorrect because reflex sys-
temic vasodilation can occur only if arte-
rial pressure is elevated and baroreceptor
firing increases.

. The correct answer is “b” because in-
creased angiotensin IT acts directly on the
kidney and indirectly by increasing aldo-
sterone secretion (therefore, choice “c¢” is
incorrect) to increase sodium reabsorption,
which leads to an increase in blood volume.
Choice “a” is incorrect because angiotensin
IT enhances sympathetic activity by facili-
tating the release of norepinephrine from
sympathetic nerves and decreasing norepi-
nephrine re-uptake. Choice “d” is incorrect
because angiotensin II stimulates the re-
lease of atrial natriuretic peptide.

. The correct answer is “c” because atrial
natriuretic peptide is counter-regulatory
to the renin-angiotensin-aldosterone sys-
tem (therefore, choices “a” and “b” are in-
correct). Choice “d” is incorrect because
depression of the renin-angiotensin-
aldosterone system leads to enhanced
sodium loss, hypovolemia, and a subse-
quent reduction in cardiac output.
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vasodilation in most organs; therefore
decreased pCO, would cause vasocon-
striction. Choice “b” is incorrect because
increased tissue PO, causes vasoconstric-
tion. Choice “d” is incorrect because en-
dothelin-1 is a vasoconstrictor.

. The correct answer is “a” because in re-

sponse to a reduction in perfusion pres-
sure and blood flow, the kidney undergoes
autoregulation through dilation of the af-
ferent arterioles. Choice “b” is incorrect.
When the pressure is first reduced, blood
flow will fall by about 30%, but after 2
minutes the blood flow will be near nor-
mal owing to the autoregulation. Choice
“c” is incorrect because afferent arteriolar
vasodilation reduces renal vascular resis-
tance. Choice “d” is incorrect because au-
toregulation, by maintaining blood flow,
protects the kidney against ischemia and
hypoxia.

. The correct answer is “c” because the in-

crease in flow (reactive hyperemia) fol-
lowing release of the occlusion causes a
flow-dependent release of nitric oxide by
the vascular endothelium, which further
contributes to the increase in blood flow.
Choice “a” is incorrect because active
hyperemia is associated with increased
tissue metabolic activity and not with
postischemic hyperemia. Choice “b” is in-
correct because vasodilation occurs dur-
ing ischemia. Choice “d” is incorrect be-
cause increased interstitial adenosine
dilates coronary arterioles.

. The correct answer is “c.” Choice “a” is

incorrect because the brain responds little
to sympathetic activation. Although the
coronary vasculature in the heart (choice
“b”) is capable of responding to sympa-
thetic activation, concurrent stimulation
of heart rate and inotropy lead to meta-
bolic vasodilation. Choice “d” is incorrect
because sympathetic control of the skin
circulation is primarily related to ther-
moregulation; therefore, the barorecep-
tor reflex associated with standing has lit-
tle influence on cutaneous blood flow.

CHAPTER 7

1. The correct answer is “c.” Choice “a” is
incorrect because elevated pCO, causes

P

5. The correct answers are “f” and “i”.
6. The correct answers are “b” and “d”.
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7. The correct answer is “e”.



222

8.
9.
10.

APPENDIX

The correct answer is “c”.

The correct answer is “a”.
The correct answer is ‘g

CHAPTER 8

1.

The correct answer is “a” because this is
the mechanism by which fluid and ac-
companying electrolytes move through
capillary intercellular junctions. Choice
“b” is incorrect because diffusion, al-
though an important mechanism of ex-
change, is quantitatively less important
than bulk flow. Choice “c” is incorrect be-
cause osmosis concerns the movement of
water. Choice “d” is incorrect because
vesicular transport is primarily for the
transport of large macromolecules.

The correct answer is “c” because de-
creased tissue pO, increases the concen-
tration gradient for oxygen diffusion from
the blood into the tissue. Choice “a” is in-
correct because decreased arteriolar flow
reduces capillary pO,, which lowers the
concentration gradient for diffusion out of
the blood. Choice “b” is incorrect because
decreased arteriolar pO, decreases capil-
lary pO, and therefore the oxygen gradi-
ent between the blood and tissue. Choice
“d” is incorrect because a decrease in the
number of flowing capillaries decreases
the surface area available for oxygen ex-
change.

The correct answer is “a” because capil-
lary plasma oncotic pressure opposes fil-
tration, therefore decreasing this pressure
enhances filtration. Choice “b” is incor-
rect because decreasing venous pressure
reduces capillary hydrostatic pressure,
thereby decreasing filtration. Choice “¢”
is incorrect because increased precapil-
lary resistance decreases capillary hydro-
static pressure and reduces filtration.
Choice “d” is incorrect because increased
tissue hydrostatic pressure opposes filtra-
tion.

The correct answer is “b” because the net
driving force, calculated from the given
values, is -2 mm Hg, which causes reab-
sorption. Choices “a” and “c¢” are incor-

. The correct answer is

rect because the net driving force is a
negative value.

“a” because in-
creased filtration results in more fluid be-
ing taken up by the lymphatics and re-
moved from the tissue. Choice “b” is
incorrect because increased capillary fil-
tration increases filtration fraction.
Choice “c” is incorrect because histamine
increases the capillary filtration constant,
thereby increasing filtration. Choice “d” is
incorrect because increased filtration in-
creases interstitial fluid volume, which in-
creases interstitial fluid pressure.

. The correct answer is “d” because lym-

phatic obstruction prevents the normal
removal of excess filtration from the tis-
sue. Choice “a” is incorrect because in-
creased arteriolar resistance decreases
capillary hydrostatic pressure, which de-
creases filtration. Choice “b” is incorrect
because increased plasma protein con-
centration enhances reabsorption. Choice
“c” is incorrect because reduced venous
pressure decreases capillary pressure and
filtration.

CHAPTER 9

1. The correct answer is “d” because heart

rate is increased during exercise through
activation of sympathetic adrenergic
nerves and inhibition of vagal (parasym-
pathetic) nerves on the sinoatrial node.
Choice “a” is incorrect because arterial
pulse pressure increases during moderate
exercise because of the increase in stroke
volume. Choice “b” is incorrect because
cutaneous vasodilation occurs during ex-
ercise to facilitate heat loss from the body.
Choice “¢” is incorrect because systemic
vascular resistance falls owing to vasodila-
tion in the active skeletal muscle.

2. The correct answer is “d” because the

muscle pump system facilitates venous re-
turn, which maintains or elevates ventric-
ular filling pressures. Choice “a” is incor-
rect because a decrease in central venous
pressure would decrease stroke volume.
Choice “b” is incorrect because an in-



crease in heart rate, with no other com-
pensatory changes, decreases stroke vol-
ume. Choice “c¢” is incorrect because the
rate of ventricular relaxation (lusitropy)
increases during exercise owing to sympa-
thetic influences, which aids ventricular
filling and enhances stroke volume.

. The correct answer is “a” because the

maximal rate of sinoatrial node firing de-
creases with age, and stroke volume de-
creases because of a decline in inotropic
responsiveness and decreased ventricular
compliance. Choice “b” is incorrect be-
cause exercise training does not signifi-
cantly change maximal heart rate, al-
though it improves inotropic responses.
Choice “¢” is incorrect because body pos-
ture does not significantly affect maximal
cardiac output, although it influences the
relative changes in heart rate and stroke
volume. Choice “d” is incorrect because
static exercise, unlike dynamic exercise,
does not enhance venous return by the
muscle pump.

The correct answer is “b” because arterial
pressure increased; therefore, cardiac
output must have increased more than
systemic vascular resistance decreased.
Choice “a” is incorrect because cardiac
output (the product of heart rate and
stroke volume) increased from 5.6 to 14.0
liters/min (i.e., it more than doubled).
Choice “¢” is incorrect because stroke vol-
ume increased by 25% (from 80 to 100
mI/beat), and the ejection fraction in-
creased by 25% (from 60% to 75%).
Therefore, end-diastolic volume could
not have changed because ejection frac-
tion equals stroke volume divided by end-
diastolic volume. Choice “d” is incorrect
because the percent change in cardiac
output is much greater than the percent
change in arterial pressure; the systemic
vascular resistance can be approximated
from the arterial pressure divided by the
cardiac output.

The correct answer is “d” because activa-
tion of the renin-angiotensin-aldosterone
system during pregnancy increases blood
volume. Choice “a” is incorrect because
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systemic vascular resistance decreases
during pregnancy owing to the develop-
ing uterine circulation. Choices “b” and
“c” are incorrect because heart rate and
cardiac output increase during pregnancy.

. The correct answer is “a” because the

baroreceptor reflex activates sympathetic
adrenergic nerves that constrict arterial
and venous vessels. Choice “b” is incor-
rect because sympathetic activation in-
creases systemic vascular resistance.
Choice “c¢” is incorrect because sympa-
thetic activation is accompanied by with-
drawal of vagal tone on the heart. Choice
“d” is incorrect because renin, not an-
giotensin II, is released from the kidneys.

. The correct answer is “d” because long-

term recovery from hypovolemia requires
renal retention of water, which is partially
regulated by vasopressin. Choice “a” is in-
correct because increased renin release
and subsequent formation of angiotensin
IT and aldosterone contribute to renal re-
absorption of sodium and water. Choice
“b” is incorrect because sodium reabsorp-
tion, not loss, is enhanced following hem-
orrhage. Choice “c” is incorrect because
increased capillary fluid filtration would
decrease blood volume and not serve as a
compensatory mechanism following hem-
orrhage.

. The correct answer is “a” because organs

become ischemic and hypoxic following
intense sympathetic activation, and their
vasculature eventually escape the sympa-
thetic-mediated vasoconstriction. Choice
“b” is incorrect because capillary fluid re-
absorption functions as a compensatory
mechanism. Choice “c¢” is incorrect be-
cause myocardial depression in hemor-
rhagic shock occurs in response to meta-
bolic acidosis, not alkalosis. Choice “d” is
incorrect because increased renin release
and subsequent angiotensin II and aldos-
terone formation is a compensatory
mechanism.

. The correct answer is “d” because de-

creased sodium excretion leads to an in-
crease in blood volume, which increases
pressure. Choice “a” is incorrect because
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nitric oxide is a vasodilator; therefore, ex-
cessive production causes hypotension,
not hypertension. Choice “b” is incorrect
because high levels of circulating cate-
cholamines  produce  hypertension.
Choice “c” is incorrect because high renin
levels cause hypertension through the ac-
tions of angiotensin IT and aldosterone on
the vasculature and kidneys.

The correct answer is “d” because B-
blockers antagonize sympathetic effects
on the sinoatrial node, which decreases
heart rate and cardiac output. Choice “a”
is incorrect because blocking B.-adreno-
ceptors on blood vessels increases sympa-
thetic vascular tone owing to unopposed
a-adrenoceptor stimulation. Choice “b” is
incorrect because B-blockers antagonize
sympathetic-stimulated release of renin
by the kidneys. Although depressing car-
diac function increases ventricular pre-
load, choice “c¢” is incorrect because in-
creased preload does not contribute to
lowering arterial pressure.

The correct answer is “¢” because loss of
inotropy in systolic failure decreases
stroke volume and increases end-systolic
volume, which leads to a compensatory
increase in end-diastolic volume. Choice
“a” is incorrect because neurohumoral ac-
tivation in heart failure increases systemic
vascular resistance. Choice “b” is incor-
rect because ejection fraction decreases

12.

13.

because of the decrease in stroke volume
and increase in end-diastolic volume.
Choice “d” is incorrect because systolic
failure increases end-diastolic pressure,
which is transmitted back into the pul-
monary circulation.

The correct answer is “a” because cardiac
output is unable to increase sufficiently to
maintain arterial pressure as systemic vas-
cular resistance falls during exercise.
Choice “b” is incorrect because reduced
organ perfusion increases oxygen extrac-
tion from the arterial blood. Choice “c¢” is
incorrect because impaired inotropic re-
sponses during exercise reduces ejection
fraction. Choice “d” is incorrect because
the heart failure patient achieves lower
maximal oxygen consumption because
maximal cardiac output is reduced.

The correct answer is “a” because reduc-
ing afterload increases stroke volume and
reduces ventricular end-diastolic volume;
these changes enhance ejection fraction.
Choice “b” is incorrect because the arte-
rial vasodilator, by reducing afterload and
enhancing stroke volume, decreases ven-
tricular preload in the failing heart.
Choice “c” is incorrect because the arte-
rial dilator decreases systemic vascular re-
sistance and increases cardiac output;
these changes increase organ perfusion.
Choice “d” is incorrect for the reasons
given above.
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ION PERMEABILITY AND
CONDUCTANCE

Permeability and conductance both refer to
the ease of movement of solutes across mem-
branes. These terms are often used inter-
changeably, although they refer to different,
but related, concepts.

Permeability (P) is the rate of movement
() of a solute (i) per unit time (e.g., moles/
hour) in response to a standard driving force,
such as a 1 molar concentration difference
(AC); therefore, P; = J/AC,. Permeability can
be thought of as a chemical phenomenon, and
is used to describe the diffusion of charged
solutes (e.g., ions such as sodium) and un-
charged solutes (e.g., glucose) across a mem-
brane.

Conductance (g) is an electrical measure-
ment, applicable only to charged solutes (i.e.,
ions). It is the amount of transmembrane cur-
rent (I; amps or coul/sec) carried by ions, or
by a given ion (i), per unit of applied electrical
driving force (i.e., voltage, V); therefore, g, =
L/V.

Permeability and conductance are related
in a practical sense because when the mem-
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brane permeability increases to an ion such as
sodium, the membrane conductance to
sodium also increases. Changes in membrane
permeability to ions (and therefore conduc-
tance) is controlled by specific membrane
channels (see Chapter 2) that open and close
to permit the ion, driven by either concentra-
tion or electrical differences, to move across
the membrane.

REENTRY MECHANISMS

Reentry is an important mechanism in the
generation of tachycardias. There are three
fundamental requirements for reentry. First,
reentry requires the presence of a unidirec-
tional block within a conducting pathway
(usually caused by partial depolarization re-
sulting from tissue hypoxia). Second, the tim-
ing between action potentials is critical. Third,
duration of the effective refractory period of
involved action potentials determine whether
or not a reentry circuit can become estab-
lished.

A model for reentry is shown in Figure 1. If
a single Purkinje fiber forms two branches (1
and 2), the action potential will divide and

Reentry
/
x

\

Partial
Conduction
Block

2

FIGURE 1 Mechanism of reentry. The left panel shows normal conduction of action potentials, in which impulses trav-
eling down branches 1 and 2 cancel out each other in branch 3. A recording electrode placed at the asterisk (*) will
record a single action potential each time one is conducted in these pathways. The right panel shows that reentry
can occur if branch 2 has impaired conduction that blocks orthograde impulses, but slowly conducts retrograde im-
pulses. If a retrograde impulse emerging from branch 2 reaches excitable tissue (after the effective refractory period,
but before the next normal impulse), an additional, early impulse can be conducted down branch 1. If this occurs
repetitively, increased action potential frequency (tachycardia) will be recorded.



travel down each branch (left panel). If these
branches then come together into a common
branch (3), the action potentials will cancel
each other out. An electrode (*) recording
from branch 3 would record single, normal ac-
tion potentials as they are conducted in this
branch. This is what occurs in normal conduc-
tion.

To model what occurs during reentry, sup-
pose that branch 2 (right panel) has a unidi-
rectional block (impulses can travel retro-
grade but not orthograde) caused by partial
depolarization. An action potential traveling
down branch 1, after entering the common
distal path (branch 3), travels in retrograde
fashion through the unidirectional block in
branch 2. Within the block, the conduction
velocity is reduced because the tissue is depo-
larized. As the action potential exits the block,
if it finds the tissue excitable, then the action
potential will once again be conducted down
branch 1 (i.e., reenter branch 1). If the action
potential exits the block and finds the tissue
unexcitable, then the action potential will
cease to propagate. Therefore, timing is criti-

SA Node

Bypass Tract
(e.g., Bundle of Kent)

Global AV
Reentry
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cal because the action potential exiting the
block must find the tissue excitable for contin-
ued propagation and the establishment of a
reentry circuit.

Reentry can occur either globally (e.g., be-
tween the atria and ventricles) or locally (e.g.,
within a small region of the ventricle or
atrium) as shown in Figure 2. Global reentry
between the atria and ventricles often involves
accessory conduction pathways such as the
bundle of Kent. Accessory pathways allow im-
pulses to be conducted by one or more routes
in addition to the normal AV nodal pathway.
In the example shown in Figure 2, the im-
pulse travels through the accessory pathway,
depolarizes the ventricular tissue, then travels
backward (retrograde) through the AV node
to re-excite the atrial tissue and thereby estab-
lish a counter-clockwise global reentry circuit.
(The reentry circuit can also occur clockwise
in direction.) Global reentry between the atria
and ventricles results in supraventricular tach-
yarrhythmias (e.g., Wolf-Parkinson-White
syndrome, WPW). Local sites of reentry
within a small region of the ventricle or atrium

Local Reentry
Site

FIGURE 2 Global and local reentry. Global reentry can occur between the atria and ventricles utilizing an accessory
pathway in addition to the atrioventricular (AV) node. One such pathway is the Bundle of Kent between the right
atrium (RA) and right ventricle (RV), which can lead to retrograde action potential conduction (in this illustration)
through the AV node and cause early excitation of atrial muscle and a supraventricular tachycardia. Local reentry cir-
cuits can occur within either the ventricles or atria. LA = left atrium; LV = left ventricle; SA = sinoatrial.
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can precipitate ventricular or atrial tach-
yarrhythmias, respectively.

Because both timing and refractory state of
the tissue are important for reentry to occur,
alterations in timing (related to conduction
velocity) and refractoriness (related to effec-
tive refractory period) can either precipitate
or abolish reentry circuits. Arrhythmias
caused by reentry are often paroxysmal in na-
ture (sudden onset and disappearance) be-
cause the conditions necessary to establish
and maintain reentry are altered by normal
variations in conduction velocity and refrac-
toriness brought about by autonomic and
other influences. Changes in autonomic nerve
function, therefore, can significantly affect
reentry mechanisms, either precipitating in
susceptible individuals or terminating reentry

Endotoxin
Cytokines \
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circuits. Many anti-arrhythmic drugs alter the
effective refractory period or conduction ve-
locity, and thereby affect (hopefully abolish)
reentry mechanisms. Surgical ablation of ac-
cessory pathways can effectively abolish reen-
try in some patients.

FORMATION AND PHYSIOLOGICAL
ACTIONS OF NITRIC OXIDE

Nitric oxide (NO) is produced by vascular en-
dothelium and smooth muscle, cardiac mus-
cle, and many other cell types. The substrate
for NO formation is L-arginine, which is acted
upon by nitric oxide synthase (NOS) to form
NO and citrulline (Figure 1).

There are two general forms of NOS: con-
stitutive (¢cNOS) and inducible (iNOS). NO is

Acetylcholine
Bradykinin
Substance-P
Insulin

+ INOS

Endothelial Cell

cNOS +

N|O

Target
Cell

NO—+> GCr> cGMP

GTP

FIGURE 1 Endothelial formation and vascular actions of nitric oxide (NO). NO forms from nitric oxide synthase (NOS)
acting on intracellular L-arginine (L-arg). Constitutive NOS (cNOS) is activated by calcium, which can be released in
response to increased shearing forces acting on the endothelium or by various compounds that release calcium
through receptor-operated mechanisms (R). Inducible NOS (iNOS) is stimulated by bacterial endotoxins and by cy-
tokines. Once formed, NO diffuses from the endothelial cell to adjacent smooth muscle cells where it activates guany-
lyl cyclase (GC), which leads to the formation of cyclic guanosine monophosphate (cGMP) and relaxation of the vas-

cular smooth muscle.



continuously produced by constitutive ¢cNOS,
which is found in vascular endothelial cells
(other terms for this NOS isoform are eNOS,
ecNOS, or Type III NOS). The activity of
¢NOS is modulated by calcium that is re-
leased from subsarcolemmal storage sites in
response to the binding of certain ligands
(e.g., acetylcholine, bradykinin, insulin, sub-
stance P) to their respective receptors.
Another important mechanism regulating the
release of NO is shearing forces acting on the
luminal surface of the vascular endothelium.
Increased flow velocity, which increases the
shearing forces, stimulates calcium release
and increased ¢cNOS activity.

The inducible form of NOS (iNOS, or Type
IT NOS) is not calcium-dependent, but instead
is stimulated by the actions of cytokines (e.g.,
tumor necrosis factor, interleukins) and bacter-
ial endotoxins (e.g., lipopolysaccharide).
Induction of this enzyme occurs over several
hours and results in NO production that can be
more than a 1,000-fold greater than that pro-
duced by ¢NOS. This is an important mecha-
nism in the pathogenesis of inflammation.

A third type of NOS, neural NOS (nNOS,
bNOS, or Type I NOS), is formed in special-
ized nerves and is involved with central and
peripheral neural regulation. Like ecNOS, it
is constitutive and activated by calcium re-
lease. NO formed by this isoform of NOS is
involved in vasodilation caused by activation
of specialized non-adrenergic, non-choliner-
gic (NANC) autonomic nerves that innervate
penile erectile tissues.

Nitric oxide serves many important func-
tions in the cardiovascular system as summa-
rized below:

Vasodilation

Inhibition of vasoconstrictor influences
(e.g., inhibits angiotensin II and sympa-
thetic-mediated vasoconstriction)
Inhibition of platelet adhesion to the vascu-
lar endothelium (i.e., anti-thrombotic)
Inhibition of leukocyte adhesion to vascular
endothelium (i.e., anti-inflammatory)
Inhibition of smooth muscle hyperplasia
following vascular injury (i.e., antiprolifera-
tive)
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® Scavenging superoxide anion (i.e., anti-
inflammatory)

The mechanism of many of these actions of
NO involves the formation of cGMP. When
NO is formed by an endothelial cell, it readily
diffuses out of the cell and into adjacent
smooth muscle cells where is binds to a heme
moiety on guanylyl cyclase and activates this
enzyme to produce cGMP from GTP.
Increased cGMP activates a kinase that subse-
quently inhibits calcium influx into the smooth
muscle cell, and decreases calcium-calmodulin
stimulation of myosin light chain kinase (see
Chapter 3). This in turn decreases the phos-
phorylation of myosin light chains, thereby de-
creasing smooth muscle tension development
and causing vasodilation. There is also evi-
dence that increased cGMP can de-phosphory-
late myosin light chains by activating the
myosin light chain phosphatase. The anti-
platelet (anti-aggregatory) effects of NO are
also signaled by the increase in cGMP. Drugs
that inhibit the breakdown of ¢cGMP by in-
hibiting ¢cGMP-dependent phosphodiesterase
(e.g., sildenafil [Viagra®]) potentiate the ef-
fects of NO-mediated actions on the target cell.

Nitric oxide is very labile, and has a half-life
of only a few seconds. It avidly binds to the
heme moiety not only on guanylyl cyclase, but
also on hemoglobin. Nitric oxide is subse-
quently broken down to nitrites and nitrates,
incorporated into other nitroso compounds,
or scavenged by superoxide anion.

When NO production is impaired, as oc-
curs when the vascular endothelium becomes
damaged or dysfunctional, the following can
result:

* Vasoconstriction (e.g., coronary vasospasm,
elevated systemic vascular resistance, hy-
pertension)

e Platelet aggregation and adhesion leading
to thrombosis

e Upregulation of leukocyte and endothelial
adhesion molecules leading to enhanced
inflammation and leukocyte plugging of
microcirculation

e Vascular stenosis, or restenosis such as of-
ten occurs following balloon angioplasty
and vascular stent placement
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¢ Excessive inflammation and tissue damage
mediated by reactive oxygen species such
as superoxide anion and hydroxyl radical
because of reduced scavenging of superox-
ide anion by NO

There is considerable evidence that the fol-
lowing diseases/conditions are associated with
endothelial dysfunction and reduced NO pro-
duction and/or bioavailability:

¢ Hypertension

e Coronary vasospasm (Printzmetal’s variant
angina)

® Obesity

e Dyslipidemias (particularly hypercholes-
terolemia and hypertriglyceridemia)

e Diabetes (both type I and II)

e Heart failure

Angiotensin Il
Vasopressin
Cytokines
Thrombin
Reactive Oxygen Species
Shearing Forces

e Atherosclerosis, cigarette smoking, aging,
and vascular injury

FORMATION AND PHYSIOLOGICAL
ACTIONS OF ENDOTHELIN-1

Endothelin-1 (ET-1) is synthesized from an
endothelin precursor (big ET-1 or pro-ET-1)
and cleaved to ET-1 by endothelin convert-
ing enzyme (ECE) found on the endothelial
cell membrane (Figure 1). ET-1 binds to ET,
receptors by diffusing to adjacent smooth
muscle cells and by circulating in the blood to
distant receptor sites. Stimulation of ET, re-
ceptors causes calcium mobilization and
smooth muscle contraction. The ET, receptor
is coupled to a Gg-protein linked to phospho-

Nitric Oxide
Prostacyclin
Atrial Natriuretic Peptide

P

\& Big ET-1 Endothelial

Cell

:ECEﬁ
ET-1

Smooth Muscle
Contration

FIGURE 1 Formation and vascular action of endothelin-1 (E7-7). Endothelial production of ET-1 is stimulated (+) and
inhibited (-) by many different circulating and paracrine factors. Big ET-1, a precursor of ET-1, is acted upon by en-
dothelin converting enzyme (ECE) to form ET-1. ET-1 diffuses to the vascular smooth muscle where it binds to ET, re-
ceptors, which stimulate Gg-proteins and the inositol triphosphate (/P;) pathway to cause vasoconstriction by en-

hancing intracellular release of calcium.



lipase-C and the formation of IP; (see
Chapter 3). ET-1 can also bind to a second
type of receptor (ET}) located on the vascular
endothelium that stimulates nitric oxide (see
CD3 - nitric oxide) and prostacyclin synthesis
and release (see CD3 — prostaglandins), which
act as negative feedback mechanisms to coun-
teract the vascular effects of ET-1.

ET-1 formation and release by endothelial
cells is stimulated by angiotensin II, vaso-
pressin (antidiuretic hormone, ADH), throm-
bin, cytokines, reactive oxygen species, and
shearing forces acting on the vascular en-
dothelium. ET-1 release is inhibited by nitric
oxide, as well as by prostacyclin and atrial na-
triuretic peptide.

ET-1 has several cardiovascular actions in-

cluding:

e Vasoconstriction

e Positive inotropy and chronotropy in the
heart

e Cardiac and vascular myocyte hypertrophy

* Decreases renal blood flow and glomerular
filtration

¢ Stimulates aldosterone secretion

e Stimulates release of atrial natriuretic pep-
tide

Membrane
Phospholipids

PLA
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ET-1 has been implicated in the pathogen-
esis of hypertension, vasospasm, and heart
failure. In the latter condition, ET-1 is re-
leased by the failing myocardium where it can
contribute to calcium overload and hypertro-
phy. Experimentally, ET, receptor antagonists
have been shown to decrease mortality and
improve hemodynamics in heart failure.

FORMATION AND PHYSIOLOGICAL
ACTIONS OF METABOLITES OF
ARACHIDONIC ACID

Endothelium, smooth muscle, leukocytes,
platelets and parenchymal cells are capable of
producing a variety of vasoactive substances,
collectively referred to as eicosanoids, which
are products of arachidonic acid metabolism.
The most important eicosanoids are
prostaglandins, prostacyclin, leukotrienes, and
thromboxanes. These substances are either
vasodilators or vasoconstrictors, among their
many biological activities.

Membrane phospholipids, acted upon by
phospholipase A,, release arachidonic acid,
which serves as the precursor for prosta-
glandins, prostacyclin, and thromboxanes
(Figure 1). Cyclooxygenase (COX) is the key

Aspirin
AA NSAIDS

5-HPETE““§I; -?5;"" Cyclo-

Thromboxanes
(+) TXA,

Leukotrienes

(+) [_TC4

Platelets

Leukocytes

endoperoxides
(PGG2, PGH2)

Prostacyclin Prostaglandins

(- PGl (-} PGE5
(+) PGFzq,

Endothelium Smoath
Muscle

FIGURE 1 Eicosanoid formation from arachidonic acid. Stimulation of phospholipase A, (PLA,) forms arachidonic acid
(AA) from membrane phospholipids. Cyclooxygenase (COX) acts upon AA to form intermediates (cyclo-endoperox-
ides, PGG, and PGH,), which are acted upon by other enzymes to form prostacyclin (PGl,) in vascular endothelium,
prostaglandins (e.g., PGE, and PGF,,) in vascular smooth muscle, and thromboxanes (e.g., TXA,) in platelets. Aspirin
and non-steroidal anti-inflammatory drugs (NSAIDS; e.g., ibuprofen) inhibit COX. Leukocytes form leukotrienes (e.g.,
LTC,) from AA through the 5-lipoxygenase (5-LO) enzyme pathway. Eicosanoids produce vasoconstriction (+) or va-

sodilation (-).
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enzyme responsible for the formation of these
eicosanoids. COX is inhibited by aspirin and
other non-steroidal anti-inflammatory drugs
(NSAIDs) such as ibuprofen (Motrin®) and
acetaminophen (Tylenol®). There are two im-
portant isoforms of COX: COX-1 and COX-2.
Newer anti-inflammatory drugs target COX-2
and have fewer gastrointestinal side effects
than the non-selective COX inhibitors such as
aspirin and ibuprofen. Cyclo-endoperoxide
products of COX (PGG, and PGH,) are acted
upon by thromboxane synthase (in platelets)
or prostacyclin synthase (in endothelium) to
form thromboxanes or prostacyclin, respec-
tively. The cyclo-endoperoxides can also form
prostaglandins such as PGE, and PGF,,.
Arachidonic acid can also serve as a substrate
for 5-lipoxygenase to form leukotrienes (pri-
marily in leukocytes).

Prostacyclin plays an important role in
vascular function because, like nitric oxide, it
inhibits platelet adhesion to the vascular en-
dothelium and is a potent vasodilator.
Damaged endothelial cells do not produce
prostacyclin, thereby making the vessel more
susceptible to thrombosis and vasospasm.
Thromboxanes (e.g., TXA,) and leuko-
trienes (e.g., LTC,) constrict blood vessel and
are important modulators of vascular function
during tissue injury and inflammation.

Prostaglandins affect the blood vessels dur-
ing inflammation, and play a subtle role in
normal flow regulation, most notably as mod-
ulators of other control mechanisms.
Prostaglandins have both vasoconstrictor (e.g.,
PGF,,) and vasodilator activities (e.g., PGE,).
Leukotrienes and prostaglandins can make
the vascular endothelium more “leaky” by in-
creasing the capillary filtration constant (see
Chapter 8), thereby promoting edema forma-
tion during inflammation.

COMPLIANCE

The ability of a blood vessel or a cardiac cham-
ber to change its volume in response to
changes in pressure has important physiologi-
cal implications. In physical terms, the rela-
tionship between a change in volume (AV)
and a change in pressure (AP) is the compli-
ance (C) (Equation 1).

C=AV/AP Equation 1

Compliance, therefore, is related to the ease
by which a given change in pressure causes a
change in volume.

In biological tissues, the relationship be-
tween AV and AP is not linear. As shown in
Figure 1, compliance (which is the slope of
the line relating volume and pressure) de-

AV

Volume

AP

Pressure

FIGURE 1 Compliance curve for a biological tissue such as an artery. At low pressures and volumes, compliance (slope
of tangent) is much greater than at high pressures and volumes. The change in volume (AV) for a given change in
pressure (AP) is greater at higher compliance (C) because C = AV/AP.



creases at higher volumes and pressures.
Another way to view this is that the “stiffness”
of a cardiac chamber or vessel wall increases
at higher volumes and pressures.

ENERGETICS OF FLOWING BLOOD

The total energy of flowing blood can be de-
scribed by the Bernoulli principle, in which
the total energy (E) of flowing blood is equal
to the kinetic energy (KE) plus potential en-
ergy (PE) in the absence of gravitational
(Equation 1).

E = KE + PE Equation 1

The PE is the pressure exerted against the
wall of the blood vessel (i.e., lateral pressure).
The kinetic energy (KE) of flowing blood is
proportional to the velocity squared
(Equation 3) (derived from KE = Y, pV% in
which p = density and V = mean velocity).

KE o V2 Equation 2

Therefore, total energy is proportional to
the velocity squared plus potential (pressure)
energy (Equation 3).

EaV?+PE Equation 3

Equations 2 and 3 show that as the velocity of
blood flow increases, there is a disproportion-
ate increase in KE and total energy (E).
Although we usually think of blood flowing
through a vessel as being driven by a pressure
gradient along the length of the vessel, it is ac-
tually the difference in the total energy of the
flowing blood along the length of a vessel that
determines the flow at any given resistance. As
blood flows through a vessel, there is a loss of
total energy due to friction. This is illustrated in
the top panel of Figure 1 in which a hypotheti-
cal length of blood vessel of constant radius
shows a 2 mm Hg decrease in potential and to-
tal energy between its two ends. The KE is con-
stant along the length of the vessel because the
velocity is the same at every point along the
vessel. Because the total energy must decline
along the length of vessel due to frictional en-
ergy losses, the pressure energy decreases.
From Equation 1 we see that for a given to-
tal energy, if kinetic energy increases, pres-
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sure energy must decrease, and visa versa. In
other words, there is an interconversion be-
tween kinetic energy and pressure energy.
This is illustrated in the bottom panel of
Figure 1 in which a blood vessel has a region
of stenosis (narrowing). In this example, the
radius of the mid-section of the vessel is re-
duced by 50%. This results in a 4-fold increase
in velocity (from 10 to 40) in that section of
the vessel because at constant flow, velocity is
inversely related to radius squared (V al/r?).
This latter relationship is derived from flow
equals mean velocity times cross-sectional
area (F = V- A); therefore, the velocity is in-
versely proportional to the area (V « 1/A), and
since area is proportional to the radius square
(A = 10?), velocity is inversely proportional to
one over radius squared.

A 4-fold increase in velocity causes a 16-
fold increase in KE because KE o V? (see
Equation 2). If KE is the equivalent of 2 mm
Hg at the entrance of the vessel, the KE will
be 32 mm Hg in the stenotic region, a 16-fold
increase. Total energy decreases in the
stenotic region despite the increase in KE be-
cause there is a disproportionate loss of PE
due to increased resistance (frictional forces).

In the post-stenotic segment, the velocity re-
turns to the pre-stenotic value (because radius
and velocity are the same in the pre- and post-
stenotic segments). Therefore, KE is the same
in the post- and pre-stenotic segments. There is,
however, an additional loss of PE due to turbu-
lence, thereby further decreasing total energy.
It might seem paradoxical that the lateral pres-
sure (PE) is lower in the stenotic segment than
in the post-stenotic segment. Volume flow, how-
ever, stills goes from left to right in this illustra-
tion because it is the total energy that actually
drives the flow through the vessel.

The above considerations illustrate the fol-
lowing important principle: blood flowing at
higher velocities will have a higher ratio of ki-
netic energy to potential (pressure) energy.
High kinetic energies are found in the aortic
arch because of the high ejection velocities
achieved by the left ventricle during systole.
When stroke volume is augmented as during
exercise, the moving blood has an even higher
kinetic energy relative to pressure energy.
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FIGURE 1 Effects of vessel narrowing (stenosis) on energetics of flow. Vessel narrowing (stenosis) increases velocity
(V) and kinetic energy (KE), and decreases pressure (potential) energy (PE) and total energy (E). The following rela-
tionships are illustrated in this figure: E = KE + PE; KE o V% V a0 1/r2.

ABNORMAL CARDIAC PRESSURES
AND VOLUMES CAUSED BY VALVE
DISEASE

Normal valve function is characterized as hav-
ing (1) low pressure gradients across the valve
as blood flows through the orifice, and (2) uni-
directional flow. These normal features are al-
tered when heart valves function abnormally.
There are two general categories of valve de-
fects: stenosis and insufficiency. Valvular
stenosis results from a narrowing of the valve
orifice. Fibrosis, often accompanied by calcifi-
cation, causes the valve leaflets to thicken so
that they cannot open fully, which decreases
cross-sectional area of the open orifice.
Furthermore, the valve cusps can fuse together,
which prevents them from fully opening.
Valvular insufficiency occurs when the valve
leaflets do not completely seal when the valve is

closed; this causes blood to flow backward (re-
gurgitate) into the proximal chamber. Both of
these valve defects alter intracardiac pressures
and volumes during the cardiac cycle.

Valve defects produce murmurs that can be
heard with a stethoscope. A murmur is a rum-
bling or rasping sound caused by vibrations
generated by the abnormal movement of
blood within or between cardiac chambers, or
by turbulent flow (see CD - turbulence)
within the pulmonary artery or aorta just dis-
tal to the outflow valve. If a murmur is heard
during systole between the first (S;) and sec-
ond (S,) heart sounds, it is termed a “systolic
murmur.” If it is heard during diastole (be-
tween S, and S,), it is termed a “diastolic
murmur.” The sound intensifies with increas-
ing flow and turbulence across the valve.

The following sections describe pressure
and volume changes that occur during mitral



and aortic valve stenosis, and mitral and aortic
valve insufficiency. The descriptions are for
acute changes that directly alter cardiac dy-
namics, and therefore do not include cardiac
and systemic compensatory mechanisms that
attempt to maintain cardiac output and arter-
ial pressure. These compensatory responses
include systemic vasoconstriction, increased
blood volume, and increased heart rate and
inotropy. Cardiac adaptations, such as hyper-
trophy or dilation, would also alter the passive
ventricular filling and thereby affect the car-
diac dynamics. Furthermore, severe valve dis-
ease usually leads to heart failure, which fur-
ther modifies intracardiac pressures and
volumes.

Valve Stenosis

Stenosis can occur at either an outflow valve
(aortic or pulmonic valve) or inflow valve (mi-
tral or tricuspid valve). Stenosis increases the
resistance to flow across the valve, which
causes a high pressure gradient as blood flows
across the valve. The pressure gradient across
a valve is the pressure difference on either
side of the leaflets. For the aortic valve, the
pressure gradient is the intraventricular pres-
sure minus the aortic pressure; for the mitral
valve, the pressure gradient is the left atrial
pressure minus the left ventricular pressure.
In normal valves, the pressure gradient is only
a few mm Hg when the valve is open. The fol-
lowing equation is the general hemodynamic
expression that relates pressure gradient (AP),
flow (F) and resistance (R) under laminar,
non-turbulent low conditions:

AP=F-R

A reduced valve orifice increases the resis-
tance to flow across the valve because resis-
tance is inversely related to the radius (r) of
the valve orifice to fourth power (equivalent to
valve orifice area [A] to the second power be-
cause A = Ti?) (see Chapter 5). If the average
valve radius is reduced by 50% (equivalent to
a 75% reduction in area), the valve resistance
is increased 16-fold, which increases the pres-
sure gradient 16-fold if flow remains un-
changed. In reality, the formation of turbu-
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lence increases the pressure gradient across
the valve even further (see CD — turbulence).
In summary, at a given flow across the valve,
the greater the resistance, the greater the
pressure gradient across the valve that is re-
quired to drive the flow.

Aortic valve stenosis
In Aortic valve stenosis, intraventricular pres-
sure is increased during systole to eject blood
across the narrowed valve (Figure 1, left
panel). This leads to a large pressure gradient
across the valve during systolic ejection.
Increased flow velocity through the stenotic
valve (velocity is inversely related to valve
cross-sectional area at a given flow) causes tur-
bulence and a systolic murmur. In moderate-
to-severe aortic stenosis, the aortic pressure
may be reduced because ventricular stroke
volume (and cardiac output) is reduced.
Because ejection is impeded by the increase
in ventricular afterload caused by the in-
creased valve resistance, more blood remains
in the heart after ejection, which leads to an
increase in left atrial volume and pressure.
Changes in left ventricular pressure-vol-
ume loops (described in Chapter 4) with mod-
erate aortic stenosis are shown in Figure 1
(right panel). Left ventricular emptying is im-
paired (increased end-systolic volume) be-
cause of the high outflow resistance (in-
creased afterload). Stroke volume decreases
because the velocity of fiber shortening is de-
creased by the increased afterload (see
Chapter 4, force-velocity relationship).
Because end-systolic volume is elevated, the
excess residual volume added to the incoming
venous return causes the end-diastolic volume
to increase. This increases preload and acti-
vates the Frank-Starling mechanism to in-
crease the force of contraction and pressure
development during systole to help the ventri-
cle overcome, in part, the increased outflow
resistance. In mild aortic stenosis, this can be
adequate to maintain normal stroke volume,
but in moderate and severe stenosis, the
stroke volume falls as shown in Figure 1 (de-
creased width of pressure-volume loop) be-
cause the end-systolic volume increases more
than the end-diastolic volume increases.
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FIGURE 1 Changes in cardiac pressures and volumes associated with acute aortic valve stenosis. The left panel shows
that during ventricular ejection, left ventricular pressure (LVP) exceeds aortic pressure (AP) (the gray area represents
the pressure gradient generated by the stenosis); left atrial pressure (LAP) is elevated and a systolic murmur is pre-
sent between the first (S;) and second (S,) heart sounds. The right panel shows the effects of acute aortic valve steno-
sis (red loop) on left ventricular (LV) pressure-volume loops. The end-systolic volume is increased, and there is a com-
pensatory increase in end-diastolic volume; stroke volume is decreased, particularly in severe stenosis. These loops
represent acute responses with no change in heart rate, inotropy, blood volume, or systemic vascular resistance.

Summary: 11 ESV + 1EDV - 1SV

Mitral valve stenosis

Mitral valve stenosis increases the pressure
gradient across the mitral valve during ven-
tricular filling, which leads to an increase in
left atrial pressure and a small reduction in
left ventricular pressure (Figure 2, left panel).

In moderate-to-severe mitral stenosis, re-
duced ventricular filling causes a reduction in
ventricular preload (both end-diastolic vol-
ume and pressure decrease). This leads to a
decrease in stroke volume (width of pressure-
volume loop; Figure 2, right panel) through
the Frank-Starling mechanism, and a fall in
cardiac output and aortic pressure. Reduced
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FIGURE 2 Changes in cardiac pressures and volumes associated with acute mitral valve stenosis. The left panel shows
that during ventricular filling, left atrial pressure (LAP) exceeds left ventricular pressure (LVP) (the gray area represents
the pressure gradient generated by the stenosis). Aortic pressure (AP) is reduced by severe mitral stenosis because of
decreased cardiac output; a diastolic murmur is present between the second (S,) and first (S;) heart sounds. The right
panel shows the effects of mitral valve stenosis (red loop) on left ventricular (LV) pressure-volume loops. End-diastolic
volume is reduced, and end-systolic volume may be slightly reduced; therefore, stroke volume is reduced. These loops
represent acute responses with no change in heart rate, inotropy, blood volume, or systemic vascular resistance.

Time



afterload (particularly aortic diastolic pres-
sure) enables the end-systolic volume to de-
crease slightly, but not enough to overcome
the decline in end-diastolic volume.
Therefore, the net effect is a decrease in
stroke volume. A diastolic murmur is heard as
blood flows at higher velocities across the nar-
rowed valve during ventricular filling.

Summary: || EDV + LESV - ISV

Valve Insufficiency

Valvular insufficiency can occur with either
outflow valves (aortic and pulmonic) or inflow
valves (mitral and tricuspid). In this condition,
the valve does not close completely, which
permits blood to flow backward (regurgitate)
across the valve. Mitral and tricuspid valve in-
sufficiency can occur following rupture of the
chordae tendineae, following ischemic dam-
age to the papillary muscles, or when the ven-
tricles are pathologically dilated (e.g., as oc-
curs in dilated cardiomyopathy).

Aortic valve regurgitation
Aortic valve regurgitation (Figure 3) causes
blood to enter the left ventricle from the aorta
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(backward flow) during the time that the valve
would normally be closed. Because blood
leaves the aorta by two pathways (back into
the ventricle as well as down the aorta), the
aortic pressure falls more rapidly than usual
during diastole, thereby reducing aortic dias-
tolic pressure (see Figure 3, left panel).
Ventricular (and aortic) peak systolic pres-
sures are increased because the extra volume
of blood that enters the ventricle from the
aorta during diastole leads to an increase in
end-diastolic volume (and pressure), which
augments the force of contraction through the
Frank-Starling mechanism. The increased
systolic pressure and decreased diastolic pres-
sure increase the aortic pulse pressure. The
regurgitation, which takes place as the ventri-
cle relaxes and fills, causes a diastolic murmur.

Because of the backward flow of blood
from the aorta into the left ventricle, there is
no true phase of isovolumetric relaxation (see
Figure 3, right panel). Instead, the left ventri-
cle begins to fill with blood from the aorta be-
fore the mitral valve opens. Once the mitral
valve opens, ventricular filling occurs from the
left atrium; however, blood continues to flow
from the aorta into the ventricle throughout
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FIGURE 3 Changes in cardiac pressures and volumes associated with acute aortic valve regurgitation. The left panel
shows that during ventricular relaxation, blood flows backwards from the aorta into the ventricle, causing a more
rapid fall in aortic pressure (AP), which decreases diastolic pressure and increases aortic pulse pressure; left atrial pres-
sure (LAP) increases because of blood backing up into atrium as left ventricular end-diastolic volume and pressure in-
crease. An increase in ventricular stroke volume (because of increased filling) leads to an increase in peak ventricular
and aortic pressures; a diastolic murmur is present between the second (S,) and first (S;) heart sounds. The right panel
shows the effects of aortic valve regurgitation (red loop) on left ventricular (LV) pressure-volume loops. End-diastolic
volume and stroke volume are greatly increased, and there are no true isovolumetric phases. These loops represent
acute responses with no change in heart rate, inotropy, blood volume, or systemic vascular resistance.
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diastole because aortic pressure is higher than
ventricular pressure during diastole. This
greatly enhances ventricular filling (end-dias-
tolic volume), which activates the Frank-
Starling mechanism to increase the force of
contraction and stroke volume as shown by
the increased width of the pressure-volume
loop. Left ventricular peak pressure and sys-
tolic aortic pressure are also increased be-
cause of the large stroke volume ejected into
the aorta. As long as the ventricle is not in fail-
ure, normal end-systolic volumes can be sus-
tained; however, the end-systolic volume in-
creases when the ventricle goes into systolic
failure (see Chapter 9).

Summary: 11 EDV + ESV - 11 SV
(although net SV into
aorta may be decreased)

Mitral valve regurgitation

In mitral valve regurgitation, blood flows
backward into the left atrium as the left ven-
tricle contracts. This leads to a large increase
in the v-wave of the left atrial pressure tracing
(Figure 4, left panel) and the generation of a
systolic murmur. Ventricular systolic and aor-
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tic pressures decrease if the net ejection of
blood into the aorta is significantly reduced.
There are several important changes in the
left ventricular pressure-volume loop during
mitral insufficiency (see Figure 4, right panel).
One important change to note is that there is
no true isovolumetric contraction phase. The
reason for this is that blood begins to flow
across the mitral valve and back into the
atrium before the aortic valve opens. Mitral
regurgitation reduces the afterload on the left
ventricle (total outflow resistance is reduced),
which causes stroke volume to be larger and
end-systolic volume to be smaller than nor-
mal; however, end-systolic volume increases if
the heart goes into systolic failure in response
to chronic mitral regurgitation. Another
change observed in the pressure-volume loop
is that there is no true isovolumetric relaxation
because as the ventricle begins to relax, the
mitral valve is never completely closed; this
permits blood to flow back into the left atrium
as long as intraventricular pressure is greater
than left atrial pressure. During diastole, the
elevated pressure within the left atrium is
transmitted to the left ventricle during filling
so that left ventricular end-diastolic volume

Mitral
Regurgitation

LV Pressure

LV Volume

FIGURE 4 Changes in cardiac pressures and volumes associated with acute mitral valve regurgitation. The left panel
shows that during ventricular contraction, the left ventricle ejects blood back into the left atrium as well as into the
aorta, thereby increasing left atrial pressure (LAP), particularly the v-wave. The aortic pressure (AP) and left ventricu-
lar pressure (LAP) may fall in response to a reduction in the net volume of blood ejected into the aorta; a systolic mur-
mur is present between the first (S;) and second (S,) heart sounds. The right panel shows the effects of mitral valve
regurgitation (red loop) on left ventricular (LV) pressure-volume loops. End-systolic volume is reduced because of de-
creased outflow resistance (afterload); end-diastolic volume is increased because increased left atrial pressures in-
creases ventricular filling; stroke volume is greatly enhanced. These loops represent acute responses with no change
in heart rate, inotropy, blood volume, or systemic vascular resistance.



increases. This would cause wall stress (after-
load) to increase if it were not for the reduced
outflow resistance that tends to decrease af-
terload during ejection. The net effect of
these changes is that the width of the pres-
sure-volume loop is increased; however, ejec-
tion into the aorta is reduced. The increased
ventricular stroke volume in this case includes
the volume of blood ejected into the aorta as
well as the volume ejected back into the left
atrium.

Summary: 1EDV + | ESV - 11 SV
(although net SV into aorta may be
decreased)

VENTRICULAR HYPERTROPHY

Ventricular hypertrophy (i.e., increased ven-
tricular mass) occurs as the ventricle adapts to
increased stress, such as chronically increased
volume load (preload) or increased pressure
load (afterload). Although hypertrophy is a
physiological response to increased stress, the
response can become pathological and ulti-
mately lead to a deterioration in function. For
example, hypertrophy is a normal physiologi-
cal adaptation to exercise training that enables
the ventricle to enhance its pumping capacity.
This type of physiologic hypertrophy is re-
versible and non-pathological. In contrast,
chronic hypertension causes pathologic ven-
tricular hypertrophy. This response enables

Concentric
Hypertrophy

Normal
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the heart to develop greater pressure and to
maintain a normal stroke volume despite the
increase in afterload. However, over time,
pathologic changes occur in the heart that can
lead to heart failure.

In the case of chronic pressure overload,
the inside radius of the chamber may not
change; however, the wall thickness greatly in-
creases as new sarcomeres are added in paral-
lel to existing sarcomeres. This is termed con-
centric hypertrophy (Figure 1). This type of
ventricle is capable of generating greater
forces and higher pressures, while the in-
creased wall thickness maintains normal wall
stress. A hypertrophied ventricle, however,
becomes “stiff” (i.e., compliance is reduced —
see CD9 — compliance), which impairs filling,
reduces stroke volume and leads to a large in-
crease in end-diastolic pressure (Figure 2).
Changes in end-systolic volume depend upon
changes in afterload and inotropy. Concentric
hypertrophy, which is one cause of diastolic
dysfunction (see Chapter 9), can lead to pul-
monary congestion and edema.

If the precipitating stress is volume over-
load, the ventricle responds by adding new sar-
comeres in series with existing sarcomeres.
This results in ventricular dilation while main-
taining normal sarcomere lengths. The wall
thickness normally increases in proportion to
the increase in chamber radius. This type of hy-
pertrophy is termed eccentric hypertrophy,
and often accompanies systolic dysfunction.

Eccentric
Hypertrophy

FIGURE 1 Concentric versus eccentric ventricular hypertrophy. With concentric hypertrophy, the ventricular wall thick-
ens and the internal radius remains the same or is reduced. Eccentric hypertrophy occurs when the ventricle becomes
chronically dilated; the wall thickness usually increases in proportion to the increase in radius.



16 Supplemental Content

Ventricular
Hypertrophy
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FIGURE 2 Effects of concentric hypertrophy on left ventricular pressure-volume loops. Hypertrophy (red loop) reduces
compliance (increases the slope of the relationship between filling pressure and volume) leading to impaired filling
(reduced end-diastolic volume), increased end-diastolic pressure, and reduced stroke volume (reduced width of pres-
sure-volume loop). Left ventricular (LV) end-systolic volume may or may not change depending upon how afterload

and inotropy change.

VENTRICULAR STROKE WORK

As defined by physics, work is the product of
force and distance. Therefore, the work done
to move an object of a given mass is the force
applied to the object times the distance that
the object moves. In the case of the work
done to move a volume of fluid, work is de-
fined as the product of the volume of fluid
and the pressure required to move the fluid.

Stroke work (SW) refers to the work done
by the ventricle to eject a volume of blood (i.e.,
stroke volume) into the aorta. The force that is
applied to the volume of blood is the intraven-
tricular pressure. Therefore, ventricular
stroke work can be estimated as the product
of stroke volume (SV) and mean aortic pres-
sure (MAP) during ejection (Equation 1).

SW = SV - MAP Equation 1

The use of aortic pressure instead of intraven-
tricular pressure assumes that kinetic energy
(see CD4 — Bernoulli) is negligible, which is
generally true at resting cardiac outputs.
Sometimes the calculation for stroke work is
further simplified to stroke volume times
mean aortic pressure.

Stroke work is best illustrated by using ven-
tricular pressure-volume diagrams (see

Chapter 4), in which stroke work is the area
within the pressure-volume loop (Figure 1).
This area represents the external work
done by the ventricle to eject blood into the
aorta.

Stroke work is sometimes used to assess
ventricular function. If stroke work is plotted
against ventricular preload, the resulting
ventricular function curve appears qualita-
tively similar to a Frank-Starling curve (see
Chapter 4). Like the Frank-Starling relation-
ship, there is a family of curves, with each
curve depending on the inotropic state of the
ventricle.

Cardiac work is the product of stroke
work and heart rate, which is the equivalent
of the triple product of stroke volume, mean
aortic pressure, and heart rate.

CRITICAL STENOSIS

The term “critical stenosis” refers to a narrow-
ing of an artery (stenosis) that results in a sig-
nificant reduction in maximal flow capacity in
a distal vascular bed. A critical stenosis, while
always reducing maximal flow capacity, may or
may not reduce resting flow because of au-
toregulation of the distal vascular bed (see
Chapter 7) and the development of collateral
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FIGURE 1 Ventricular stroke work. The area within the ventricular pressure-volume loop represents the left ventricu-

lar (LV) stroke work.

blood flow. The following discussion uses the
coronary circulation as an example of the he-
modynamics of a critical stenosis; however,
the same principles apply to all vascular beds.

The degree of constriction resulting in a
critical stenosis in the left anterior descending
coronary artery (LAD) (Figure 1) is much
greater than predicted by Poiseuille’s equation
(Equation 5-6) in which a 10% reduction in

Pa

RL and Rs
are in series

(Py-Py)

R,_+Rg) +R)

I:LAD -

vessel radius would increase resistance by
52% in that single vessel. In fact, a 10% re-
duction in LAD radius would have virtually no
hemodynamic effect on distal blood flow. The
reason for this is two-fold: (1) the LAD nor-
mally has a very low resistance, and (2) the
LAD is in series with the distal vascular bed
that is supplied by the LAD (Rg), and the dis-
tal vascular bed is where most of the resis-

LC

RUNA LAD

FLap

7N\

Rs

FIGURE 1 Model of the coronary circulation showing a stenotic left anterior descending (LAD) coronary artery.
Because the resistances of the LAD (R,) and the downstream smaller vessels supplied by the LAD (Rs) are in series, the
LAD flow (F.4p) is determined by aortic pressure (P,) minus the venous pressure (P,), divided by the sum of R, and Rs.
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tance resides. A critical stenosis in the LAD is
not reached until the radius is reduced by at
least 50%, which corresponds to a 75% de-
crease in cross-sectional area. Even a 50% re-
duction in radius will not impair resting flow,
but it will reduce maximal flow capacity, which
can lead to ischemia-induced chest pain dur-
ing exertion (chronic stable angina; see CD7 —
angina). Reducing the radius more than 75%
(equivalent to a 94% decrease in cross-sec-
tional area) significantly reduces resting blood
flow (depending on the degree of collateral-
ization). This can lead to chronic myocardial
hypoxia. Therefore, it is commonly stated that
the value for a critical stenosis is a 60 to 70%
reduction in vessel diameter.

The concept of a critical stenosis can be ex-
plained by modeling the circulation as consist-
ing of two series resistance components (see
Chapter 5). Equation 1 describes the relation-
ship between the resistance in the LAD (R,
large vessel resistance), the resistance in the
vascular beds supplied by the LAD (R, small
vessel resistance) and the total resistance (R;)
when R; and Rg are in series:

R =R, + Rs Equation 1

It is important to note that distributing ar-
teries such as the LAD have a relatively small
resistance to flow compared to the distal mi-
crovasculature. Therefore, R, is normally very
small and may represent only 0.1% of Ry (i.e.,
R; = 0.001R). If we use this value for the rel-
ative resistance and assume that Ry = 100,
then Ry = 0.1 + 99.9. Using these numbers,
decreasing the LAD radius by 50% increases
R, from 0.1 to 1.6, a 16-fold increase (from
Poiseuille’s equation). The new value of R,
plus the original value of R (99.9), increases
Ry from 100 to 101.5. Therefore, decreasing
the radius of the LAD by 50% increases R by
only 1.5%. A 75% reduction in LAD radius in-
creases Ry by about 25%. These calculations
assume that Rg does not decrease, which may
occur because of autoregulation. If autoregu-
lation does occur, then R would not decrease
by as much as the above calculations show.

We can use the following equation to cal-
culate the percent reduction in flow (F) when
R increases:

F= Pa—P) Equation 2
Ry
If we assume that the perfusion pressure (P, -
P,) does not change, then a 25% increase in
Ry reduces flow by 20%. Equations 1 and 2
can be combined (Equation 3) to show the ef-
fects of changes in R, and R on flow:

_ (PA_PV)

F =
(Rr + Ry)

Equation 3

The above calculations assume non-turbulent,
laminar flow. The presence of turbulence
would lead to an even greater, disproportion-
ate reduction in flow for a given reduction in
vessel radius (see CD4 — turbulence).

As described previously, when the LAD
becomes stenotic (increased R,), resting
blood flow does not necessarily decrease. The
reason for this is that as R, increases, Rg usu-
ally decreases due to autoregulation (response
to acute stenosis) and collateralization (re-
sponse to chronic stenosis). Although resting
flow may not change, because Ry, is increased,
the minimal R; will be increased, thereby lim-
iting maximal blood flow.

The relationship between vessel radius and
maximal distal blood flow in a vessel such as
the LAD is shown in Figure 2. The figure
shows that as the LAD is narrowed, the maxi-
mal distal flow capacity is reduced (because
the minimal R is increased). Maximal coro-
nary flow capacity falls dramatically once the
stenosis reduces radius by more than 60%
(84% decrease in cross-sectional area). The
relationship drawn in this figure assumes that
in the maximally dilated state, Ry is 1% of Ry,
and that significant turbulence is not occur-
ring. In the maximally dilated state, the re-
duced R causes the fractional resistance of R,
relative to Ry to increase. Therefore, in the
maximally dilated state, R, may be 1% of Ry,
whereas in the non-dilated state, R, may be
only 0.1% of R;.

The above analysis explains why interven-
tional measures such as opening a narrowed
coronary artery by inflating a balloon (balloon
angioplasty) or placing a wire stent within the
vessel to keep it open, or coronary bypass
surgery are not usually conducted in patients
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FIGURE 2 Effects of reducing left anterior descending (LAD) coronary artery radius on maximal distal blood flows. A
60% reduction in LAD radius (40% of max radius) decreases maximal distal flow capacity by more than 25%.

until one or more coronary arteries have
stenotic lesions that represent more than a 60
to 70% reduction in lumen diameter.

VALSALVA MANEUVER

The Valsalva maneuver is sometimes used to
assess autonomic reflex control of cardiovascu-
lar function in humans. It is performed by hav-
ing the subject conduct a maximal, forced ex-
piration against a closed glottis and holding

this for at least 10 seconds. Contraction of the
thoracic cage compresses the lungs and causes
a large increase in intrapleural pressure (the
pressure measured between the lining of
the thorax and the lungs), which compresses
the vessels within the thoracic. Aortic com-
pression results in a transient rise in aortic
pressure (Phase I of Figure 1). This results in
a reflex bradycardia caused by baroreceptor
activation. Because the thoracic vena cava also
becomes compressed, venous return to the

Aortic
Pressure

Phases:

Heart
Rate

Valsalva

FIGURE 1 Effects of a Valsalva maneuver on aortic pressure and heart rate. During Phase I, which occurs at the be-
ginning of the forced expiration, aortic pressure increases (due to aortic compression) and heart rate decreases reflex-
ively. Aortic pressure falls during Phase Il because compression of thoracic veins reduces venous return and cardiac out-
put; reflex tachycardia occurs. Phase /il begins when normal respiration resumes, and is characterized by a small
transient fall in aortic pressure (because of removal of aortic compression) and a small increase in heart rate. Aortic
pressure increases (and heart rate reflexively decreases) during Phase IV because resumption of normal cardiac output
occurs while systemic vascular resistance is elevated from sympathetic activation that occurred during Phase II.
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heart is compromised, causing cardiac output
and aortic pressure to fall (Phase II). As aortic
pressure falls, the baroreceptor reflex in-
creases heart rate. A decrease in stroke volume
accounts for the fall in pulse pressure. After
several seconds, arterial pressure (both mean
and pulse pressure) is reduced, and heart rate
is elevated. When the subject begins breathing
again, the sudden loss of compression on the
aorta causes a small, transient dip in arterial
pressure and a further reflex increase in heart
rate (Phase III). When compression of the
vena cava is removed, venous return suddenly
increases causing a rapid rise in cardiac output
several seconds later, which leads to a transient
increase in arterial pressure (Phase IV).
Arterial pressure overshoots during Phase IV
because the systemic vascular resistance is in-
creased by sympathetic activation that oc-
curred during Phase II. Heart rate reflexively
decreases during Phase IV in response to the
transient elevation in arterial pressure.

ANGINA

An imbalance between oxygen delivery and
oxygen demand, such that the oxygen sup-
ply/demand ratio is decreased, results in my-
ocardial hypoxia. This stimulates pain recep-
tors (nociceptors) within the heart and
produces anginal pain and autonomic re-
sponses (see Chapter 6). Three different types
of angina, all of which result from coronary
artery disease, are described below.

Chronic stable angina is caused by
chronic narrowing (i.e., stenosis) of coronary
arteries due to atherosclerosis, and is typically
observed in the large epicardial vessels.
Coronary constriction limits coronary va-
sodilator reserve and maximal flow capacity
(see CD5 —stenosis) so that as myocardial oxy-
gen demand increases because of increased
cardiac activity or increased workload, blood
flow cannot increase proportionately to de-
liver adequate oxygen, resulting in cellular hy-
poxia (see Chapter 7). This is also termed “de-
mand ischemia.” There is wusually a
predictable pain threshold that is triggered by
exertion, changes in emotional state, heavy
meals, or cold weather, for example. Chronic

stable angina, therefore, is precipitated by in-
creases in oxygen demand.

Prinzmetal’s (Variant) angina is gener-
ally thought to be due to acute coronary va-
sospasm that is often precipitated by stress,
which activates sympathetic nerves that inner-
vate the coronary vasculature. Vasospasm can
occur at rest as well as during exercise. There
is considerable evidence suggesting that dam-
age to the coronary endothelium results in di-
minished production of nitric oxide, an impor-
tant coronary vasodilator. The absence of
nitric oxide leads to enhanced vasoconstrictor
responses to sympathetic nerves innervating
the coronary vessels, as well as to other vaso-
constrictor influences. Prinzmetal’s angina is
categorized as “supply ischemia” because it
results from an acute decrease in blood flow.

Unstable angina is not necessarily associ-
ated with exercise or stress, and its onset is
therefore unpredictable. It is generally
thought to be due to spontaneous thrombus
formation within a coronary artery and there-
fore is refractory to the vasodilator actions of
nitroglycerin. Endothelial dysfunction associ-
ated with coronary artery disease leads to re-
duced nitric oxide and prostacyclin produc-
tion, both of which normally inhibit platelet
adhesion and aggregation (see CD3 — nitric
oxide and CD3 - prostaglandins). Unstable
angina can be difficult to distinguish from
acute myocardial infarction. Unstable angina
is categorized as “supply ischemia” because it
results from a decrease in blood flow.

Angina may also be precipitated by a com-
bination of supply and demand ischemia. For
example, diseased, stenotic coronary seg-
ments can undergo vasoconstriction during
exercise (healthy arteries dilate). This proba-
bly occurs due to the absence of sufficient
production of nitric oxide and prostacyclin by
the vascular endothelium to counteract nor-
mal sympathetic-mediated effects on vascular
a-adrenoceptors.

CAPILLARY PRESSURE

Capillary pressure (P.) is determined by the
upstream arterial pressure (P,), the down-
stream venous pressure (Py), and the precap-




illary (R,) and postcapillary (Ry) resistances.
These factors can be related quantitatively by
using a simple vascular network model (Figure
1). If we assume that P represents a point be-
tween two series resistances (R, and Ry), and
the flow that enters in (F,) and exits out (FFy,) of
this network is the same (i.e., there is conser-
vation of flow), then we can derive Equation 1,
which relates P to P,, Py, R, and Ry:

R
(R—:>PA+PV
Pe= 44 Ry Equation 1
Ra
P. 2aan Po aaan Pu
R, R,
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FIGURE 1 Factors determining capillary pressure. A se-
ries-coupled resistance model having precapillary and
postcapillary resistance elements can be used to calcu-
late mean capillary pressure (Pc) from arterial pressure
(P,), venous pressure (P,), precapillary resistance (Ry)
and postcapillary resistance (R,). This model assumes
that flow in (F) equals flow out (Fo).

Solving for P

We see from Equation 1 that capillary pres-
sure is increased by increases in venous pres-
sure, arterial pressure, and the post-to-
precapillary resistance ratio (either increased
postcapillary resistance or decreased precapil-
lary resistance increases this ratio). Because
the post-to-precapillary resistance ratio
(R/R,) is normally between 0.1 and 0.2,
changes in venous pressure have a signifi-
cantly greater effect on capillary pressure than
changes in arterial pressure. This is illustrated
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by Equation 2, which shows the effects of P,
and Py on P when Ry/R, is 0.1.
_01P,+P, O01P,+P

P = = “Equation 2
<1104 1.1 quation

In this example, increasing P, by 20 mm Hg
increases P by 1.8 mm Hg, whereas increas-
ing Py by 20 mm Hg increases P by 18 mm
Hg. This explains why venous pressure in-
creases of 10 to 20 mm Hg in heart failure, for
example, can cause severe systemic edema
due to increased capillary pressure and fluid
filtration, whereas increasing arterial pressure
by the same amount causes only a small in-
crease in capillary pressure and fluid filtration.

INTERSTITIAL COMPLIANCE

The fluid pressure within the interstitial space
(Py) of a tissue is determined by the volume
(V) of fluid within the interstitium and the
compliance (C) of the interstitium. Interstitial
compliance is defined as the change in inter-
stitial fluid volume (AV,) divided by the
change in interstitial fluid pressure (AP,) as
shown in Equation 1:

AV,

C=
AP,

Equation 1
This expression can be rearrange to:
Equation 2

We see from Equation 2 that the change in in-
terstitial fluid pressure (AP;) equals the
change in interstitial fluid volume (AV,) di-
vided by interstitial compliance (C).
Therefore, an increase in interstitial fluid vol-
ume increases interstitial fluid pressure, and
the magnitude of the change varies inversely
with the compliance of the interstitium.
Figure 1 is a graphical representation of
the relationship between interstitial fluid vol-
ume and pressure, and interstitial compliance.
The slope of the relationship between intersti-
tial volume and pressure is interstitial compli-
ance. Note that the compliance decreases at
higher interstitial volumes, which causes the
pressure to increase disproportionately as vol-
ume increases. Some tissues and organs have
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FIGURE 1 Effects of interstitial compliance on interstitial fluid volumes and pressures. Compliance is the change in in-
terstitial volume divided by the change in interstitial pressure, which is the slope of the relationship between volume
and pressure. Low interstitial compliance (e.g., brain tissue) causes large increases in interstitial fluid pressure when
interstitial fluid volume increases, which can occur during cerebral edema or hemorrhage within the brain (stroke).
In contrast, tissue with high interstitial compliance (e.g., subcutaneous tissues), show relatively small increases in in-

terstitial pressure as interstitial volume increases.

a low interstitial compliance (e.g., brain, kid-
ney) so that relatively small increases in inter-
stitial volume can lead to large increases in in-
terstitial pressure. A large increase in pressure
can be very damaging to the tissues and lead
to cellular dysfunction and death. In contrast,
subcutaneous tissues have a relatively high in-
terstitial compliance so that large increases in
interstitial volume can occur with relatively
small increases in interstitial pressure.
Despite a relatively high compliance at low in-
terstitial fluid volumes, subcutaneous intersti-
tial pressures can still increase to high values
at very high interstitial volumes during severe
limb edema.

OSMOSIS AND OSMOTIC PRESSURE

Osmosis is the movement of water across a
membrane from the side of high water con-
centration to the side of low concentration.
Figure 1 is a model showing two chambers
separated by a selectively permeable (“semi-
permeable”) membrane that permits water,
but not solutes, to diffuse across the mem-

brane. If chamber A contains 150 mM NaCl
and chamber B contains no solute, then the
concentration of water in B is greater than its
concentration in A. The concentration of wa-
ter in A is diluted by the presence of the
solutes, Na* and CI-. Because the concentra-
tion of water molecules is greater in B than in
A, water moves across the membrane down its
concentration gradient (i.e., from side B to A).
If this movement of water is allowed to con-
tinue, the volume of A will increase and the
volume of B will decrease. If, however, a hy-
drostatic pressure is applied to chamber A
that is just sufficient to prevent water from
moving from B to A, then the volume of A will
not change. The hydrostatic pressure that is
required to prevent the movement of water by
osmosis is termed the osmotic pressure.

The osmotic pressure of a solution contain-
ing solute particles in water can be calculated
using the van’t Hoff equation:

w = nRTC

The osmotic pressure (m, usually expressed in
mm Hg) equals the product of the number of



Cardiovascular Physiology Concepts 23

* |
o ® o :>I
o ® o ® < HO

150 mM NacCl

0 mM NaCl

FIGURE 1 Osmosis. Chamber A contains 150 mM NaCl (red and black solute particles), whereas chamber B is pure
water (H,0). The two chambers are separated by a semi-permeable membrane that permits water, but not Na* or
CI, to move through the membrane. Because the concentration of water in B is greater than A, water moves by os-
mosis from B to A, down its concentration gradient. Over time, this leads to an increase in the volume of A (up ar-

row) and a decrease in the volume of B (down arrow).

dissociating particles (n), the ideal gas con-
stant (R), the absolute temperature (T, de-
grees kelvin), and the molar concentration (C)
of the solutes. If n and C are combined, then
C represents the concentration in osmolarity
(milliosmoles/liter; mOsm/L). In Figure 1, be-
cause NaCl dissociates in water to Na* and Cl-
(n=2), a 150 mM NaCl concentration (C) has
an osmolar concentration (nC) of 300 mOsm.

Although the van’t Hoff equation assumes
very dilute solutions, it still approximates con-
ditions found within the body. The measured
osmolarity is usually less than the calculated
osmolarity because of interactions between
dissociated solute particles.

If the model shown in Figure 1 is changed
so that chamber B contains NaCl at a concen-
tration of 120 mM, then the concentration dif-
ference across the membrane (AC = 30 mM)
determines the osmotic pressure (m =
nRTDC). Because NaCl dissociates into two
ions, the net osmolarity across the membrane
with this concentration difference is 60
mOsm/L.

As described in Chapter 8, the movement
of water across the capillary endothelium de-
pends upon hydrostatic pressures and oncotic

(colloid osmotic) pressures rather than os-
motic pressures. Oncotic pressure refers to
the osmotic pressure exerted by non-perme-
able proteins on either side of the capillary
endothelium. Because the ions in the plasma
and interstitial fluid freely transverse the en-
dothelial barrier, they do not contribute sig-
nificantly to the osmotic forces that act upon
the water molecules across capillaries.

PULMONARY CAPILLARY WEDGE
PRESSURE

The measurement of pulmonary capillary
wedge pressure (PCWP) provides an indirect
assessment of left atrial pressure and is partic-
ularly useful in the diagnosis of left ventricular
failure and mitral valve disease. The measure-
ment is made as follows: A balloon-tipped,
multi-lumen catheter (Swan-Ganz catheter) is
advanced from a peripheral vein into the right
atrium, passed into the right ventricle, then
positioned within a branch of the pulmonary
artery. There is one opening (port) at the tip
of the catheter (distal to the balloon) and a
second port several centimeters proximal to
the balloon. These ports are connected to
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pressure transducers. When properly posi-
tioned in a branch of the pulmonary artery,
the distal port measures pulmonary artery
pressure (approximately 25/15 mm Hg) and
the proximal port measures right atrial pres-
sure (approximately 0 to 4 mm Hg). The bal-
loon (located behind the distal port) is then in-
flated with air using a syringe (the balloon
volume is about 1 ml); this occludes the
branch of the pulmonary artery. When this oc-
curs, the pressure at the distal port rapidly
falls, and after about 10 seconds, reaches a sta-
ble, lower value that is very close to left atrial
pressure (normally about 8 to 10 mm Hg).
The balloon is then deflated.

The pressure recorded during balloon in-
flation is similar to left atrial pressure because
the occluded pulmonary artery, along with its
distal branches that eventually connect to the
pulmonary veins, acts as a long catheter that
measures the blood pressure within the pul-
monary veins (this pressure is virtually the
same as mean left atrial pressure).

A PCWP exceeding 15 mm Hg suggests
mitral stenosis, mitral insufficiency, aortic
stenosis, aortic regurgitation, ventricular fail-
ure, or other cardiac defects or pathologies.
When the PCWP exceeds 20 mm Hg, the
transmission of this pressure back into the
pulmonary vasculature increases pulmonary
capillary hydrostatic pressure, which can lead
to pulmonary congestion and edema.

PRESSURE NATRIURESIS

The kidneys play a central role in arterial pres-
sure regulation through mechanisms related to
sodium and water excretion. It has long been
observed that acute increases in arterial pres-
sure cause increased sodium and water excre-
tion. This is termed pressure natriuresis or
pressure diuresis. If an experiment is con-
ducted in which arterial pressure is increased
by infusing a systemic vasoconstrictor for sev-
eral days, systemic vascular resistance and ar-
terial pressure initially rise (Figure 1). After a
day or two, arterial pressure returns to normal
despite the sustained increase in systemic vas-
cular resistance. The fall in arterial pressure is
caused by a transient increase in sodium and

water excretion that reduces blood volume and
restores arterial pressure. When the arterial
pressure is normalized, the sodium balance
(sodium output/sodium intake) is also normal-
ized, but at a reduced blood volume. If the
changes in sodium excretion are plotted versus
arterial pressure, a renal function curve (pres-
sure natriuresis curve) is generated (see
Figure 1). An increase in arterial pressure,
brought about by increased systemic vascular
resistance in this example, temporarily shifts
the operating point on the renal function curve
from A to B as the increased pressure in-
creases sodium and water excretion. Then, as
blood volume decreases in response to the na-
triuresis and diuresis, the arterial pressure falls
back to its original operating point (A). The ar-
terial pressure returns to its normal value be-
cause the reduction in blood volume reduces
cardiac output through the Frank-Starling
mechanism. These changes occur while the el-
evated systemic vascular resistance is being
maintained by infusion of the vasoconstrictor.
Therefore, the kidneys, by regulating blood
volume, are ultimately responsible for the
long-term regulation of arterial pressure.

If renal excretion of sodium and water is re-
duced either by extrinsic influences (e.g., in-
creased circulating angiotensin II and aldos-
terone) or by intrinsic renal disease, then a
higher arterial pressure (i.e., hypertension) is
required to produce normal sodium and water
excretion. This causes a rightward shift in the
renal function curve (Figure 2). Therefore,
when pressure natriuresis is impaired, a higher
arterial pressure is required to maintain normal
sodium balance. The higher arterial pressure is
brought about by small reductions in sodium
excretion (relative to sodium intake) due to im-
paired renal sodium handling, which over time
increases blood volume and arterial pressure.
Then, once the arterial pressure increases suf-
ficiently to restore normal sodium excretion (to
match the sodium intake), a new operating
point is established (Point B in Figure 2).

For more details on conditions that alter
pressure natriuresis curves see the following
review article: Hall J: The kidney, hyperten-
sion, and obesity. Hypertension 2003;41:
625-633.
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FIGURE 1 Pressure natriuresis. In the left panel, infusing a vasoconstrictor increases systemic vascular resistance (SVR)
and mean arterial pressure (MAP). This causes pressure-induced natriuresis and diuresis (increased sodium and water
excretion by the kidneys), which decreases blood volume and cardiac output (by the Frank-Starling mechanism) un-
til arterial pressure is normalized. The right panel shows the renal function curve (pressure natriuresis curve), which
depicts the relationship between renal excretion of sodium and water, and arterial pressure. If SVR is increased by in-
fusing a vasoconstrictor, the arterial pressure and sodium (and water) excretion increase temporarily from a normal
operating point A to point B. As blood volume (and cardiac output) decreases due to increased sodium and water
excretion, the arterial pressure falls back to its normal operating point.
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FIGURE 2 Effects of altered sodium excretion on arterial pressure. Impaired renal excretion of sodium and water (e.g.,
by increased angiotensin Il, aldosterone or renal disease) increases blood volume and arterial pressure (from point A
to B) as the normal renal function curve (black curve) shifts to the right (red curve). The arterial pressure increases to
a level that is necessary to restore normal sodium and water excretion, thereby reestablishing normal sodium balance.

REYNOLDS NUMBER

The onset of turbulence under ideal conditions
can be predicted by calculating the Reynolds
number (Re) as shown in Equation 1:
_(v-D-p)
mn
(V = mean velocity, D = vessel diameter,
p = blood density,
and m = blood viscosity)

Re Equation 1

Above a critical Re, laminar flow is dis-
rupted and turbulence occurs. The most im-
portant physiological determinant of Re is ve-
locity. As blood flow velocity increases in a
blood vessel or across a heart valve, turbu-
lence does not gradually increase as the
Reynolds number increases. Instead, laminar
flow continues until a critical Re is reached, at
which point, turbulence develops. Under
ideal conditions (e.g., long, straight, smooth
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blood vessels), the critical Re is relatively
high, and laminar flow is normally present
(see CD — turbulence). However, in branch-
ing vessels, or in vessels with atherosclerotic
plaques protruding into the lumen, the critical
Re is much lower so that turbulence can occur
even at normal flow velocities.

Although vessel diameter is in the numera-
tor of Equation 1, a decrease in diameter does
not necessarily decrease Re. In fact, a de-
crease in vessel (or heart valve) diameter in-
creases Re because a decrease in diameter
causes a disproportionate increase in mean
velocity (V). This occurs because velocity is
proportional to the reciprocal of the radius (r)
squared (V a 1/r?). This relationship is based
upon the relationship between flow (F), veloc-
ity (V), and cross-sectional area (A) of a vessel,
in which F = V[A, and A = 1ti}. As shown in
Figure 1, if an arterial stenosis reduces the
vessel diameter (or radius) to one-half its orig-
inal diameter, mean velocity increases 4-fold.
The net effect is a 2-fold increase in Re, bring-
ing the Re closer to its critical value for turbu-
lence to occur.

TURBULENT FLOW

Laminar flow is the normal condition for
blood flow in most blood vessels. It is charac-
terized by concentric layers of blood flowing

down the length of a blood vessel (Figure 1).
The orderly movement of adjacent layers of
blood flow through a vessel helps to minimize
energy losses in the flowing blood caused by
viscous interactions between the adjacent lay-
ers and the wall of the blood vessel.
Turbulence occurs when smoothly flowing,
laminar flow becomes disrupted (see Figure
1). Turbulence is found distal to stenotic (nar-
rowed) heart valves or arterial vessels, at ves-
sel branch points, and in the ascending aorta
at high cardiac ejection velocities (e.g., during
exercise).

Turbulence results in characteristic sounds
(e.g., ejection murmurs, carotid bruits) that
can be heard with a stethoscope. Because
higher velocities enhance turbulence (see
CD - Reynolds), murmurs resulting from tur-
bulence become louder whenever blood flow
increases across narrowed valves or vessels.
Elevated cardiac outputs across anatomically
normal aortic valves can sometimes cause
physiologic murmurs because of turbulence.
This can occur in pregnant women who have
elevated cardiac outputs and who may also
have reduced hematocrit, which decreases
blood viscosity. Both factors increase the
Reynolds number (see CD — Reynolds) and
thereby increase the likelihood of turbulence.

Turbulence causes increased energy loss
and a greater pressure drop along a vessel

Flow In = Flow Out
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FIGURE 1 Effects of vessel narrowing on velocity. Because volume flow (F) equals mean velocity (V) times vessel cross-
sectional area (A), and A is proportionate to the radius squared (r?), V a1/r2. Therefore, if radius is reduced to one-
half normal, velocity increases 4-fold. This model assumes that flow does not change and that it is conserved (flow

in = flow out).
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length than predicted by the Poiseuille rela- 3 or 4-fold. The Poiseuille relationship pre-
tionship (see Chapter 5). For example, as il- dicts a 2-fold increase in the pressure drop
lustrated in Figure 2, if blood flow is increased across the lesion because the pressure drop
2-fold across a stenotic arterial segment, the is proportionate to flow under laminar flow
pressure drop across the stenosis may increase conditions (Figure 3). Turbulence alters the

>

_>> —
Laminar Flow Turbulent Flow

FIGURE 1 Laminar versus turbulent flow. In laminar flow, blood flows smoothly in concentric layers parallel with the
axis of the blood vessel, with the highest velocity in the center of the vessel and the lowest velocity next to the en-
dothelial lining of the vessel. When laminar flow becomes disrupted and turbulent, blood no longer flows in layers,
but rather moves in different paths, often forming vortices.
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FIGURE 2 Effects of flow on turbulence. Increasing the flow across a stenotic lesion 2-fold causes a disproportionate
increase in the pressure drop (AP) across the lesion due to increased turbulence; in this illustration, the AP may in-
crease 3 or 4-fold instead of 2-fold as predicted by the Poiseuille relationship.

Laminar
Flow

A

Flow
Turbulent
Flow

Perfusion Pressure

FIGURE 3 Effects of turbulence on the pressure-flow relationship. Turbulence decreases flow at any given perfusion
pressure, or requires a greater perfusion pressure to drive a given flow. Turbulence is commonly found associated
with stenotic heart valves or arterial vessels.
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relationship between flow and perfusion pres-
sure so that the relationship is no longer linear
and proportionate as described by the
Poiseuille relationship. Instead, a greater per-
fusion pressure is required to propel the blood
at a given flow rate when turbulence is pre-
sent. Alternatively, a given flow causes a
greater pressure drop across a resistance than
predicted simply by the radius and length of
the resistance element because of increased
energy losses associated with turbulence.
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