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Figure 20.13 Timing and route of action potential depolarization and repolarization through the conduction system and
myocardium. Green indicates depolarization and red indicates repolarization. 

Depolarization causes contraction and repolarization causes relaxation of cardiac muscle fibers.
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CARDIAC CYCLE 

pressure changes associated with relaxation and contraction of
the heart chambers allow the heart to alternately fill with blood
and then eject blood into the aorta and pulmonary trunk.

C H E C K P O I N T
10. How do cardiac muscle fibers differ structurally and

functionally from skeletal muscle fibers?
11. In what ways are autorhythmic fibers similar to and

different from contractile fibers?
12. What happens during each of the three phases of an

action potential in ventricular contractile fibers?
13. In what ways are ECGs helpful in diagnosing cardiac 

problems?
14. How does each ECG wave, interval, and segment relate

to contraction (systole) and relaxation (diastole) of the
atria and ventricles?

THE CARDIAC CYCLE
O B J E C T I V E S
• Describe the pressure and volume changes that occur

during a cardiac cycle.
• Relate the timing of heart sounds to the ECG waves and

pressure changes during systole and diastole. 

A single cardiac cycle includes all the events associated with
one heartbeat. Thus, a cardiac cycle consists of systole and dias-
tole of the atria plus systole and diastole of the ventricles.

Pressure and Volume Changes
During the Cardiac Cycle

In each cardiac cycle, the atria and ventricles alternately contract
and relax, forcing blood from areas of higher pressure to areas of
lower pressure. As a chamber of the heart contracts, blood
pressure within it increases. Figure 20.14 shows the relation be-
tween the heart’s electrical signals (ECG) and changes in atrial
pressure, ventricular pressure, aortic pressure, and ventricular
volume during the cardiac cycle. The pressures given in Figure
20.14 apply to the left side of the heart; pressures on the right
side are considerably lower. Each ventricle, however, expels the
same volume of blood per beat, and the same pattern exists for
both pumping chambers. When heart rate is 75 beats/min, a car-
diac cycle lasts 0.8 sec. To examine and correlate the events
taking place during a cardiac cycle, we will begin with atrial
systole.

Atrial Systole
During atrial systole, which lasts about 0.1 sec, the atria are
contracting. At the same time, the ventricles are relaxed.

●1 Depolarization of the SA node causes atrial depolarization,
marked by the P wave in the ECG.

●2 Atrial depolarization causes atrial systole. As the atria con-
tract, they exert pressure on the blood within, which forces
blood through the open AV valves into the ventricles.

●3 Atrial systole contributes a final 25 mL of blood to the vol-

!

!

ume already in each ventricle (about 105 mL). The end of
atrial systole is also the end of ventricular diastole (relax-
ation). Thus, each ventricle contains about 130 mL at the
end of its relaxation period (diastole). This blood volume is
called the end-diastolic volume (EDV).

●4 The QRS complex in the ECG marks the onset of ventricu-
lar depolarization.

Ventricular Systole
During ventricular systole, which lasts about 0.3 sec, the ven-
tricles are contracting. At the same time, the atria are relaxed in
atrial diastole.

●5 Ventricular depolarization causes ventricular systole. As
ventricular systole begins, pressure rises inside the ventri-
cles and pushes blood up against the atrioventricular (AV)
valves, forcing them shut. For about 0.05 seconds, both the
SL (semilunar) and AV valves are closed. This is the period
of isovolumetric contraction (iso- ! same). During this in-
terval, cardiac muscle fibers are contracting and exerting
force but are not yet shortening. Thus, the muscle contrac-
tion is isometric (same length). Moreover, because all four
valves are closed, ventricular volume remains the same (iso-
volumic).

●6 Continued contraction of the ventricles causes pressure in-
side the chambers to rise sharply. When left ventricular pres-
sure surpasses aortic pressure at about 80 millimeters of
mercury (mmHg) and right ventricular pressure rises above
the pressure in the pulmonary trunk (about 20 mmHg), both
SL valves open. At this point, ejection of blood from the
heart begins. The period when the SL valves are open is
ventricular ejection and lasts for about 0.25 sec. The pres-
sure in the left ventricle continues to rise to about 120 mmHg,
whereas the pressure in the right ventricle climbs to about
25–30 mmHg.

●7 The left ventricle ejects about 70 mL of blood into the aorta
and the right ventricle ejects the same volume of blood into
the pulmonary trunk. The volume remaining in each ventri-
cle at the end of systole, about 60 mL, is the end-systolic
volume (ESV). Stroke volume, the volume ejected per beat
from each ventricle, equals end-diastolic volume minus end-
systolic volume: SV ! EDV " ESV. At rest, the stroke 
volume is about 130 mL " 60 mL ! 70 mL (a little more
than 2 oz).

●8 The T wave in the ECG marks the onset of ventricular repo-
larization.

Relaxation Period
During the relaxation period, which lasts about 0.4 sec, the
atria and the ventricles are both relaxed. As the heart beats faster
and faster, the relaxation period becomes shorter and shorter,
whereas the durations of atrial systole and ventricular systole
shorten only slightly.

●9 Ventricular repolarization causes ventricular diastole. As
the ventricles relax, pressure within the chambers falls, and
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THE CARDIAC CYCLE 739

Figure 20.14 Cardiac cycle. (a) ECG. (b) Changes in left atrial pressure (green line), left ventricular pressure 
(blue line), and aortic pressure (red line) as they relate to the opening and closing of heart valves. 
(c) Heart sounds. (d) Changes in left ventricular volume. (e) Phases of the cardiac cycle.
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How much blood remains in each ventricle at the end of ventricular diastole in a resting person? What is this volume called??
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blood in the aorta and pulmonary trunk begins to flow back-
ward toward the regions of lower pressure in the ventricles.
Backflowing blood catches in the valve cusps and closes the
SL valves. The aortic valve closes at a pressure of about
100 mmHg. Rebound of blood off the closed cusps of the
aortic valve produces the dicrotic wave on the aortic pres-
sure curve. After the SL valves close, there is a brief interval
when ventricular blood volume does not change because all
four valves are closed. This is the period of isovolumetric
relaxation.

●10 As the ventricles continue to relax, the pressure falls
quickly. When ventricular pressure drops below atrial pres-
sure, the AV valves open, and ventricular filling begins.
The major part of ventricular filling occurs just after the AV
valves open. Blood that has been flowing into and building
up in the atria during ventricular systole then rushes rapidly
into the ventricles. At the end of the relaxation period, the
ventricles are about three-quarters full. The P wave appears
in the ECG, signaling the start of another cardiac cycle.

Heart Sounds

Auscultation (aws-kul-TĀ-shun; ausculta- ! listening), the act
of listening to sounds within the body, is usually done with a
stethoscope. The sound of the heartbeat comes primarily from
blood turbulence caused by the closing of the heart valves.
Smoothly flowing blood is silent. Compare the sounds made by
white-water rapids or a waterfall with the silence of a smoothly
flowing river. During each cardiac cycle, there are four heart
sounds, but in a normal heart only the first and second heart
sounds (S1 and S2) are loud enough to be heard through a
stethoscope. Figure 20.14c shows the timing of heart sounds
relative to other events in the cardiac cycle.

The first sound (S1), which can be described as a lubb
sound, is louder and a bit longer than the second sound. S1 is
caused by blood turbulence associated with closure of the AV
valves soon after ventricular systole begins. The second sound
(S2), which is shorter and not as loud as the first, can be
described as a dupp sound. S2 is caused by blood turbulence
associated with closure of the SL valves at the beginning of
ventricular diastole. Although S1 and S2 are due to blood turbu-
lence associated with the closure of valves, they are best heard
at the surface of the chest in locations that are slightly different
from the locations of the valves (Figure 20.15). This is because
the sound is carried by the blood flow away from the valves.
Normally not loud enough to be heard, S3 is due to blood turbu-
lence during rapid ventricular filling, and S4 is due to blood tur-
bulence during atrial systole.

C H E C K P O I N T
15. Why must left ventricular pressure be greater than aortic

pressure during ventricular ejection?
16. Does more blood flow through the coronary arteries

during ventricular diastole or ventricular systole? Explain
your answer.

17. During which two periods of the cardiac cycle do the
heart muscle fibers exhibit isometric contractions?

18. What events produce the four normal heart sounds?
Which ones can usually be heard through a stethoscope?

!

740 CHAPTER 20 • THE CARDIOVASCULAR SYSTEM: THE HEART

Figure 20.15 Heart sounds. Location of valves (purple) and
auscultation sites (red) for heart sounds.

Listening to sounds within the body is called aus-
cultation; it is usually done with a stethoscope.

Which heart sound is related to blood turbulence associ-
ated with closure of the atrioventricular valves?

?

• CLINICAL CONNECTION Heart Murmurs

Heart sounds provide valuable information about the mechanical opera-
tion of the heart. A heart murmur is an abnormal sound consisting of a
clicking, rushing, or gurgling noise that either is heard before, between,
or after the normal heart sounds, or may mask the normal heart sounds.
Heart murmurs in children are extremely common and usually do not

represent a health condition. Murmurs are most frequently discovered
in children between the ages of two and four. These types of heart mur-
murs are referred to as innocent or functional heart murmurs; they often
subside or disappear with growth. Although some heart murmurs in
adults are innocent, most often an adult murmur indicates a valve disor-
der. When a heart valve exhibits stenosis, the heart murmur is heard
while the valve should be fully open but is not. For example, mitral steno-
sis (see page 727) produces a murmur during the relaxation period, be-
tween S2 and the next S1. An incompetent heart valve, by contrast,
causes a murmur to appear when the valve should be fully closed but is
not. So, a murmur due to mitral incompetence (see page 727) occurs
during ventricular systole, between S1 and S2. •
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The first sound S1 lubb sound is caused by blood turbulence associated with 
closure of the AV valves soon after ventricular systole begins.  

The second sound (S2), which is shorter and not as loud as the first, can be  
described as a dupp sound. S2 is caused by blood turbulence  
associated with closure of the SL valves at the beginning of  
ventricular diastole.  

Normally not loud enough to be heard, S3 is due to blood turbulence during rapid  
ventricular filling  

S4 is due to blood turbulence during atrial systole.  



CARDIAC OUTPUT
O B J E C T I V E S
• Define cardiac output.
• Describe the factors that affect regulation of stroke

volume.
• Outline the factors that affect the regulation of heart rate.

Although the heart has autorhythmic fibers that enable it to beat
independently, its operation is governed by events occurring
throughout the body. All body cells must receive a certain
amount of oxygenated blood each minute to maintain health and
life. When cells are metabolically active, as during exercise, they
take up even more oxygen from the blood. During rest periods,
cellular metabolic need is reduced, and the workload of the heart
decreases.

Cardiac output (CO) is the volume of blood ejected from
the left ventricle (or the right ventricle) into the aorta (or pul-
monary trunk) each minute. Cardiac output equals the stroke
volume (SV), the volume of blood ejected by the ventricle dur-
ing each contraction, multiplied by the heart rate (HR), the
number of heartbeats per minute:

CO ! SV " HR
(mL/min) (mL/beat) (beats/min)

In a typical resting adult male, stroke volume averages
70 mL/beat, and heart rate is about 75 beats/min. Thus, average
cardiac output is

CO ! 70 mL/beat " 75 beats/min
! 5250 mL/min
! 5.25 L/min

This volume is close to the total blood volume, which is about
5 liters in a typical adult male. Thus, your entire blood volume
flows through your pulmonary and systemic circulations each
minute. Factors that increase stroke volume or heart rate nor-
mally increase CO. During mild exercise, for example, stroke
volume may increase to 100 mL/beat, and heart rate to 100
beats/min. Cardiac output then would be 10 L/min. During in-
tense (but still not maximal) exercise, the heart rate may acceler-
ate to 150 beats/min, and stroke volume may rise to 130 mL/
beat, resulting in a cardiac output of 19.5 L/min.

Cardiac reserve is the difference between a person’s maxi-
mum cardiac output and cardiac output at rest. The average per-
son has a cardiac reserve of four or five times the resting value.
Top endurance athletes may have a cardiac reserve seven or
eight times their resting CO. People with severe heart disease
may have little or no cardiac reserve, which limits their ability to
carry out even the simple tasks of daily living.

Regulation of Stroke Volume

A healthy heart will pump out the blood that entered its cham-
bers during the previous diastole. In other words, if more blood
returns to the heart during diastole, then more blood is ejected
during the next systole. At rest, the stroke volume is 50–60% of
the end-diastolic volume because 40–50% of the blood remains

!

in the ventricles after each contraction (end-systolic volume).
Three factors regulate stroke volume and ensure that the left and
right ventricles pump equal volumes of blood: (1) preload, the
degree of stretch on the heart before it contracts; (2) contractil-
ity, the forcefulness of contraction of individual ventricular mus-
cle fibers; and (3) afterload, the pressure that must be exceeded
before ejection of blood from the ventricles can occur.

Preload: Effect of Stretching
A greater preload (stretch) on cardiac muscle fibers prior to con-
traction increases their force of contraction. Preload can be com-
pared to the stretching of a rubber band. The more the rubber
band is stretched, the more forcefully it will snap back. Within
limits, the more the heart fills with blood during diastole, the
greater the force of contraction during systole. This relationship
is known as the Frank–Starling law of the heart. The preload
is proportional to the end-diastolic volume (EDV) (the volume
of blood that fills the ventricles at the end of diastole). Normally,
the greater the EDV, the more forceful the next contraction.

Two key factors determine EDV: (1) the duration of ventricu-
lar diastole and (2) venous return, the volume of blood return-
ing to the right ventricle. When heart rate increases, the duration
of diastole is shorter. Less filling time means a smaller EDV, and
the ventricles may contract before they are adequately filled. By
contrast, when venous return increases, a greater volume of
blood flows into the ventricles, and the EDV is increased.

When heart rate exceeds about 160 beats/min, stroke volume
usually declines due to the short filling time. At such rapid heart
rates, EDV is less, and the preload is lower. People who have
slow resting heart rates usually have large resting stroke volumes
because filling time is prolonged and preload is larger.

The Frank–Starling law of the heart equalizes the output of
the right and left ventricles and keeps the same volume of blood
flowing to both the systemic and pulmonary circulations. If the
left side of the heart pumps a little more blood than the right
side, the volume of blood returning to the right ventricle (venous
return) increases. The increased EDV causes the right ventricle
to contract more forcefully on the next beat, bringing the two
sides back into balance.

Contractility
The second factor that influences stroke volume is myocardial
contractility, the strength of contraction at any given preload.
Substances that increase contractility are positive inotropic
agents; those that decrease contractility are negative inotropic
agents. Thus, for a constant preload, the stroke volume increases
when a positive inotropic substance is present. Positive inotropic
agents often promote Ca2# inflow during cardiac action poten-
tials, which strengthens the force of the next contraction.
Stimulation of the sympathetic division of the autonomic ner-
vous system (ANS), hormones such as epinephrine and norepi-
nephrine, increased Ca2# level in the interstitial fluid, and the
drug digitalis all have positive inotropic effects. In contrast, inhi-
bition of the sympathetic division of the ANS, anoxia, acidosis,
some anesthetics, and increased K# level in the interstitial fluid
have negative inotropic effects. Calcium channel blockers are
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Parasympathetic nerve impulses reach the heart via the right
and left vagus (X) nerves. Vagal axons terminate in the SA
node, AV node, and atrial myocardium. They release acetyl-
choline, which decreases heart rate by slowing the rate of 
spontaneous depolarization in autorhythmic fibers. As only a few
vagal fibers innervate ventricular muscle, changes in parasympa-
thetic activity have little effect on contractility of the ventricles.

A continually shifting balance exists between sympathetic
and parasympathetic stimulation of the heart. At rest, parasym-
pathetic stimulation predominates. The resting heart rate—about
75 beats/min—is usually lower than the autorhythmic rate of the
SA node (about 100 beats/min). With maximal stimulation by
the parasympathetic division, the heart can slow to 20 or 
30 beats/min, or can even stop momentarily.

Chemical Regulation of Heart Rate
Certain chemicals influence both the basic physiology of cardiac
muscle and the heart rate. For example, hypoxia (lowered oxy-
gen level), acidosis (low pH), and alkalosis (high pH) all depress
cardiac activity. Several hormones and cations have major ef-
fects on the heart:

1. Hormones. Epinephrine and norepinephrine (from the
adrenal medullae) enhance the heart’s pumping effectiveness.
These hormones affect cardiac muscle fibers in much the same
way as does norepinephrine released by cardiac accelerator
nerves—they increase both heart rate and contractility. Exercise,
stress, and excitement cause the adrenal medullae to release
more hormones. Thyroid hormones also enhance cardiac con-
tractility and increase heart rate. One sign of hyperthyroidism
(excessive thyroid hormone) is tachycardia, an elevated resting
heart rate.

2. Cations. Given that differences between intracellular and
extracellular concentrations of several cations (for example, Na!

and K!) are crucial for the production of action potentials in all
nerve and muscle fibers, it is not surprising that ionic 
imbalances can quickly compromise the pumping effectiveness
of the heart. In particular, the relative concentrations of three
cations—K!, Ca2!, and Na!—have a large effect on cardiac
function. Elevated blood levels of K! or Na! decrease heart rate
and contractility. Excess Na! blocks Ca2! inflow during cardiac
action potentials, thereby decreasing the force of contraction,
whereas excess K! blocks generation of action potentials. A
moderate increase in interstitial (and thus intracellular) Ca2!

level speeds heart rate and strengthens the heartbeat.

Other Factors in Heart Rate 
Regulation
Age, gender, physical fitness, and body temperature also influ-
ence resting heart rate. A newborn baby is likely to have a rest-
ing heart rate over 120 beats/min; the rate then gradually de-
clines throughout life. Adult females often have slightly higher
resting heart rates than adult males, although regular exercise
tends to bring resting heart rate down in both sexes. A physically
fit person may even exhibit bradycardia (brad-ē-KAR-dē-a;
bradys- " slow), a resting heart rate under 50 beats/min. This is
a beneficial effect of endurance-type training because a slowly
beating heart is more energy efficient than one that beats more
rapidly.

Increased body temperature, as occurs during a fever 
or strenuous exercise, causes the SA node to discharge impulses
more quickly, thereby increasing heart rate. Decreased body
temperature decreases heart rate and strength of contraction. 
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From higher brain centers: cerebral
cortex, limbic system, and hypothalamus

              

Cardiac accelerator
nerves (sympathetic)

Vagus nerves (cranial
nerve X, parasympathetic)

Increased rate of spontaneous
depolarization in SA node (and AV node)
increases heart rate
Increased contractility of atria and ventricles
increases stroke volume

Decreased rate of spontaneous depolariza-
tion in SA node (and AV node) decreases
heart rate

OUTPUT TO HEART

INPUT TO CARDIOVASCULAR CENTER

Cardiovascular
(CV) center

From sensory receptors:
Proprioceptors–monitor movements
Chemoreceptors–monitor blood chemistry
Baroreceptors–monitor blood pressure

Figure 20.16 Nervous system control of the heart.

The cardiovascular center in the medulla oblongata controls both sympathetic and parasympathetic nerves
that innervate the heart.

What region of the heart is innervated by the sympathetic division but not by the parasympathetic division??
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C H E C K P O I N T
19. How is cardiac output calculated?
20. Define stroke volume (SV), and explain the factors that

regulate it.
21. What is the Frank-Starling law of the heart? What is its

significance?
22. Define cardiac reserve. How does it change with training

or with heart failure?
23. How do the sympathetic and parasympathetic divisions

of the autonomic nervous system adjust heart rate?

!
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During surgical repair of certain heart abnormalities, it is
helpful to slow a patient’s heart rate by hypothermia (hı̄ -pō-
THER-mē-a), in which the person’s body is deliberately cooled
to a low core temperature. Hypothermia slows metabolism,
which reduces the oxygen needs of the tissues, allowing the
heart and brain to withstand short periods of interrupted or re-
duced blood flow during the procedure.

Figure 20.17 summarizes the factors that can increase
stroke volume and heart rate to achieve an increase in cardiac
output.

Increased end diastolic volume (stretches
the heart)

Positive inotropic agents such as increased
sympathetic stimulation; catecholamines,
glucagon, or thyroid hormones in the blood;
increased Ca2+ in extracellular fluid

Decreased arterial blood pressure during
diastole

Within limits, cardiac muscle fibers
contract more forcefully with stretching
(Frank–Starling law of the heart)

Positive inotropic agents increase force
of contraction at all physiological levels
of stretch

Semilunar valves open sooner when
blood pressure in aorta and pulmonary
artery is lower

Increased sympathetic stimulation and
decreased parasympathetic stimulation

Catecholamine or thyroid hormones
in the blood; moderate increase in
extracellular Ca2+

Infants and senior citizens, females, low 
physical fitness, increased body
temperature

Increased CONTRACTILITY Decreased AFTERLOAD

Increased STROKE VOLUME

Increased CARDIAC OUTPUT

Increased HEART RATE

NERVOUS SYSTEM
Cardiovascular center in medulla
oblongata receives input from 
cerebral cortex, limbic system,
proprioceptors, baroreceptors,
and chemoreceptors

CHEMICALS OTHER FACTORS

Increased PRELOAD

When you are exercising, contraction of skeletal muscles helps return blood to the heart more rapidly.
Would this tend to increase or decrease stroke volume?

?

Figure 20.17 Factors that increase cardiac output.

Cardiac output equals stroke volume multiplied by heart rate.
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