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" ":"' Causes a murmur to appear when the valve should be fully
osed but is not. S0, a murmur due 1o mitral Incompetence (see Clin:

ical Connection: Meart Valve Disorders) occurs during ventricular sys
tole, between §1 and §)  +

Vienee KPOINTY
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?

20.5 CARDIAC OUTPUT

®losJECTIVES
* Define cardiac output.

. Desctfibe 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 in-
dependently, its operation is governed by events occurring
throughout the body. Body cells must receive a certain amount of
oxygen from 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 meta-
bolic 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 pulmonary
trunk) each minute. Cardiac output equals the stroke volume
(SV), the volume of blood ejected by the ventricle during each
contraction, multiplied by the heart rate (HR), the number of
heartbeats per minute:

cO = SV X 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 X
5250 ml/min
5.25 I/min

This volume is close 1o 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 normally
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 intense (but
still not maximal) exercise, the heart rate may accelerate to

75 beats/min
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Preload: Effect of Stretching

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

Two key factors determine EDV: (1) the duration of ventriculur
diastole and (2) venous return, the volume of blood returning to
the right ventricle. When heart rate increases, the duration of d-
astole is shorter. Less filling time means a smaller EDV, and the
ventricles may contract before they are adequately filled. By cor-
trast, 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 dec!ines due to the short filling time. At such rapid he
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Contractility
The second factor that influences stroke v
contractility, the strength of contraction
Substances that increase contr
agents (in"-0-TRO-pik); those
ative inotropic agents.

olume is myocardial
atany given preload,
actility are positive inotropic
that decrease contractility are neg-
' Thus, for a constant preload, the stroke
\'oh‘npc Increases when a positive inotropic substance is present.
Pnsm\'c.umlruplc agents often promote Ca®" inflow during car-
diac action potentials, which strengthens the force of the next
contraction. Stimulation of the sympathetic division of the auto-
nomic- nervous system (ANS), hormones such as epinephrine and
norepinephrine, increased Ca?* level in the interstitial fluid, and
the drug digitalis all have positive inotropic effects. In contrast,
inhibition of the sympathetic division of the ANS, anoxia, acido-
sis, some anesthetics, and increased K* level in the interstitial
fluid have negative inotropic effects, Calcium channel blockers
are’iir.ugs that can have a negative inotropic effect by reducing
Ca™" inflow, thereby decreasing the strength of the heartbeat,

Afterload

Ejection of blood from the heart begins when pressure in the right
ventricle exceeds the pressure in the pulmonary trunk (about
20 mmHg), and when the pressure in the left ventricle exceeds the
pressure in the aorta (about 80 mmHg). At that point, the higher
pressure in the ventricles causes blood to push the semilunar
valves open. The pressure that must be overcome before a semilu-
nar valve can open is termed the afterload. An increase in after-
load causes stroke volume to decrease, so that more blood
remains in the ventricles at the end of systole. Conditions that can
increase afterload include hypertension (elevated blood pressure)
and narrowing of arteries by atherosclerosis (see Disorders:
Homoeostatic Imbalances at the end of this chapter).

In congestive heart failure (CHF), there is a loss of pumping
efficiency by the heart. Causes of CHF include coronary artery disease
(see Disorders: Homeostatic Imbalances at the end of this chapter),
congenital defects, long-term high blood pressure (which increases
the afterload), myocardial infarctions (regions of dead heart tissue
due to a previous heart attack), and valve disorders. As the pump be-
comes less effective, more blood remains in the ventricles at the end
of each cycle, and gradually the end-diastolic volume (preload) in-
creases, Initially, increased preload may promote increased force of
contraction (the Frank-Starling law of the heart), but as the preload
increases further, the heart is overstretched and contracts less force-
fully. The result is a potentially lethal positive feedback loop: Less-
effective pumping leads to even lower pumping capability.

Often, one side of the heart starts to fail before the other. If the
left ventricle fails first, it can’t pump out all the blood it receives. As a
result, blood backs up in the lungs and causes pulmonary edema,
fluid accumulation in the lungs that can cause suffocation if left un-
treated. If the right ventricle fails first, blood backs up in the systemic
veins and, over time, the kidneys cause an increase in blood volume.
In this case, the resulting peripheral edema usually is most noticeable
in the feet and ankles.
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Regulation of Heart Rate

As you have just learned, cardiac output depends on both heart
rate and stroke volume, Adjustments in heart rate are important in
the short-term control of cardiac output and blood pressure. The
sinoatrial (SA) node initiates contraction and, if left to itself,
would set a constant heart rate of about 100 beats/min. However,
tissues require different volumes of blood flow under different
conditions, During exercise, for example, cardiac output rises to
supply working tissues with increased amounts of oxygen and nu-
trients. Stroke volume may fall if the ventricular myocardium is
damaged or if blood volume is reduced by bleeding. In these
cases, homeostatic mechanisms maintain adequate cardiac output
by increasing the heart rate and contractility. Among the several
factors that contribute to regulation of heart rate, the most impor-
tant are the autonomic nervous system and hormones released by
the adrenal medullae (epinephrine and norepinephrine).

Autonomic Regulation of Heart Rate

Nervous system regulation of the heart originates in the cardio-
vascular center in the medulla oblongata. This region of the
brain stem receives input from a variety of sensory receptors and
from higher brain centers, such as the limbic system and cerebral
cortex. The cardiovascular center then directs appropriate output
by increasing or decreasing the frequency of nerve impulses in
both the sympathetic and parasympathetic branches of the ANS
(Figure 20.16).

Even before physical activity begins, especially in competitive
situations, heart rate may climb. This anticipatory increase occurs
because the limbic system sends nerve impulses to the cardiovas-
cular center in the medulla. As physical activity begins, proprio-
ceptors that are monitoring the position of limbs and muscles
send nerve impulses at an increased frequency to the cardiovascu-
lar center. Proprioceptor input is a major stimulus for the quick
rise in heart rate that occurs at the onset of physical activity. Other
sensory receptors that provide input to the cardiovascular center
include chemoreceptors, which monitor chemical changes in the
blood, and baroreceptors, which monitor the stretching of major
arteries and veins caused by the pressure of the blood flowing
through them. Important baroreceptors located in the arch of the
aorta and in the carotid arteries (see Figure 21.13) detect changes
in blood pressure and provide input to the cardiovascular center
when it changes. The role of baroreceptors in the regulation of
blood pressure is discussed in detail in Chapter 21. Here we focus
on the innervation of the heart by the sympathetic and parasympa-
thetic branches of the ANS.

Sympathetic neurons extend from the medulla oblongata into the
spinal cord. From the thoracic region of the spinal cord, sympathetic
cardiac accelerator nerves extend out to the SA node, AV node,
and most portions of the myocardium. Impulses in the cardiac accel-
erator nerves trigger the release of norepinephrine, which binds to
beta-1 (3,) receptors on cardiac muscle fibers. This interaction has
two separate effects: (1) In SA (and AV) node fibers, norepinephrine
speeds the rate of spontaneous depolarization so that these pace-
makers fire impulses more rapidly and heart rate increases; (2) in
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Figure 20.16 Nervous system control of the heart,

The cardiovascular center in the medulla oblong
the heart.

Cardiovascular

(CV) center Vagus nerves

e What region of the heart is innervated by the sympathetic division but not by t

contractile fibers throughout the atria and ventricles, norepinephrine
enhances Ca” " entry through the voltage-gated slow Ca®* channels,
thereby increasing contractility. As a result, a greater volume of
blood is ejected during systole. With a moderate increase in heart
rate, stroke volume does not decline because the increased contrac-
tility offsets the decreased preload. With maximal sympathetic stim-
ulation. however, heart rate may reach 200 beats/min in a 20-year-
old person. At such a high heart rate, stroke volume is lower than at
rest due to the very short filling time. The maximal heart rate de-
clines with age; as a rule, subtracting your age from 220 provides a
good estimate of your maximal heart rate in beats per minute.

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 acetylcholine,
which decreases heart rate by slowing the rate of spontaneous de-
polarization in autorhythmic fibers. As only a few vagal fibers in-
nervate ventricular muscle, changes in parasympathetic activity
have little effect on contractility of the ventricles.

A continually shifting balance exists between sympathetic and
parasympathetic stimulation of the heart. At rest, parasympathetic -
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 parasym-
pathetic division, the heart can slow to 20 or 3() 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 oxygen
level), acidosis (low pH), and alkalosis (high pH) all depress
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cardiac activity. Several hormones and cations have major effects

on the heart:

1. Hormones. Epinephrine and norepinephrine (from the adre-
nal medullae) enhance the heart’s pumping effectivencss.
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. Exer-
cise, stress, and excitement cause the adrenal medullae to re-
Jease more hormones. Thyroid hormones also enhance cardiac
contractility and increase heart rate. One sign of hyperthy-
roidism (excessive thyroid hormone) is tachycardia (tak'--
KAR-dé-a), an elevated resting heart rate.

. Cations. Given that differences between intracellular and ex-
tracell}rllar concentrations of several cations (for example, Na-
and K™) are crucial for the production of action potentials in /!
nerve and muscle fibers, it is not surprising that ionic imbal
a}xllces can quickly. compromise the pumping effectiveness of
::a:i (if:iKIB [()jarztlfular, the+re1ative concentrations of thfet‘
L iy a”", and Na"—have a large effect on cardic

n. Elevated blood levels of K™ or Na™ decrease hea!

Z\t;j and contractility. Excess Na* blocks Ca>* inflow durin?

tractli?)‘;l a:::::eg:?mlals, tEereby decreasing the force of ¢

tials. A ,moderate i: ey K. l?locks generation of action potc’”

Ca*" level speeds hcrease In interstitial (and thus intracellul""
cart rate and strengthens the heartbeat.

Other Factors in Heart Rate Regulation

Age, gend :
ence Tgestinegr’l.ls:r}tlsl}:tal ﬂmeSS, and bOdy temperature also influ-
€. A newborn baby is likely to have a resting




heart rate over 120 beats/min; the rate then gradually declines
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 (brid’-i-KAR-dé-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 stren-
uous exercise, causes the SA node to discharge impulses more

Figure 20.17 Factors that increase cardiac output.
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quickly, thereby increasing heart rate. Decreased body tempera-
ture decreases heart rate and strength of contraction.

During surgical repair of certain heart abnormalities, it is helpful
to slow a patient’s heart rate by hypothermia (hi-p6-THER-me-a),
in which the person’s body is deliberately cooled to a low core tem-
perature. Hypothermia slows metabolism, which reduces the oxygen
needs of the tissues, allowing the heart and brain to withstand short
periods of interrupted or reduced 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.

nﬁ Cardiac output equals stroke volume multiplied by heart rate.

Positive inotropic agents such as increased

Increased end-diastolic volume (stretches

the heart)

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

\of stretch

Increased sympathetic stimulation and
decreased parasympathetic stimulation

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

f 1
=

sympathetic stimulation; catecholamines,
glucagon, or thyroid hormones in the blood;
increased Ca2+ in extracellular fluid

Positive inotropic agents increase force
of contraction at all physiological levels

Decreased arterial blood pressure during

diastole

)

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

S

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

e 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?



