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Exercise can be sustained only if there is increased blood flow to those tissues 
with increased metabolic needs. Blood flow to particular working muscles can 
be increased either by increasing cardiac output or by redirecting peripheral 
blood flow. The nature and extent of changes in cardiovascular function that 
occur during exercise are dependent on the type of exercise, the muscles 
involved, and the severity of the exercise stress. The normal range of changes 
in heart rate, stroke volume, and patterns of peripheral blood flow are discussed 
in relation to different types of exercise stress. 
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Contraction of skeletal muscles during exercise im
poses an increased metabolic demand that must be 
supported by increased oxygen and substrate supply 
to exercising muscles. The cardiovascular system is 
the primary pathway for supply of metabolic sub
strates and removal of end products. Therapy involv
ing exercise relies on an intact cardiovascular system. 
This article describes the support responses of the 
cardiovascular system to the increased metabolic de
mands of exercise. 

CHANGES IN CARDIOVASCULAR FUNCTION 

A working muscle of a well-trained person may 
increase its metabolic rate as much as 20 times its 

Fig. 1. Time course of utilization of intramuscular (ATP 
and CP) and extramuscular energy stores during exer
cise. 
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resting level. Depending on the type of muscle work
ing and the type of exercise being performed, all or 
much of this increased metabolic rate is due to an 
increase in aerobic metabolism of intramuscular and 
extramuscular stores of carbohydrate and fat, as in
dicated in Figure l.1-3 Aerobic metabolism (oxida
tion) of carbohydrates and fats does not predominate 
over other sources of energy until about the second 
minute of exercise.4 Anaerobic metabolism (glycoly
sis) is the major source of energy from the 30th to the 
90th second and may continue at a low rate through
out exercise, becoming a major source of energy again 
if the exercise intensity exceeds the aerobic capacity 
of the muscle. The ease with which oxygen can be 
dissociated from hemoglobin also increases during 
exercise.1,5 These biochemical changes may increase 
the arteriovenous oxygen difference across working 
muscles up to three times the resting level. Several 
recent reviews describe in detail the biochemical re
sponses of muscle and blood to exercise.1,3-6 In order 
to permit this increase in aerobic metabolism, there 
must be a corresponding increase in the supply of 
oxygen to the working muscle tissue. Two basic mech
anisms exist for meeting this demand for more oxy
gen: 1) increased blood flow to the working muscle 
and 2) increased oxygen extraction from the blood. 
The factors responsible for increased oxygen extrac
tion will not be discussed in detail in this series. 

Blood flow to working muscle is increased by al
terations in both central cardiac and peripheral vas
cular function. Centrally, the cardiac output is in
creased, providing a greater absolute volume of blood, 
and thus oxygen, to the working muscle. Peripherally, 
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the pattern of distribution of blood shifts, providing 
an increase in relative blood flow to the working 
muscle. The combined effect of these two functional 
changes can cause an increase in the flow of blood to 
the working muscle of 30 to 50 times the resting level 
in well-trained subjects, as illustrated in Figure 2.1,5 

Cardiac Output 

The cardiac output—the volume of blood pumped 
by the heart per unit time—may increase as much as 
six times during maximum voluntary exercise in well-
trained men, from the resting level of 5 liters/min to 
a maximum of 30 liters/min. The increase in cardiac 
output results from a combined increase in heart rate, 
which may change by a factor of four, and in stroke 
volume, which may increase by 1.5 times the resting 
level. Figure 3 shows that the increase in heart rate is 
usually linear with exercise, although there may be 
deviations from linearity at the extreme of exercise 
intensity.1 Maximum heart rate remains constant but 
is reached at a different level of intensity in different 
types of exercise. For some individuals, heart rate 
may reach a plateau before maximum sustainable 
exercise intensity is reached. The resting heart rate is 
greater in the sitting than in the supine position. The 
linear relationship is the basis for using heart rate as 
an index of degree of exercise stress during exercise 
tests.7 Whereas the linearity of the relationship re
mains constant under a wide variety of physiologic 
and pathologic conditions,7-9 heart rate during sub-
maximal exercise can be used as a predictor of max
imal exercise capability only when the type of exercise 
and the predicted maximum heart rate for the type of 
subject are clearly known and specified.10,11 The slope 
of the relationship varies with different types of ex
ercise, and maximal heart rates are dependent on the 
age, sex, physical condition, and state of health of the 
subject. 

Stroke volume does not increase linearly with in
creased exercise intensity. At exercise intensities less 
than 30 to 40 percent of maximum, stroke volume 
rises rapidly. The initial rise occurs more rapidly in 
the sitting position, so that a plateau is reached at 
about the same level of stress in both positions. The 
resting stroke volume is lower in the sitting than in 
the supine position.1,12 Comparison of Figures 3 and 
4 shows that at low levels of exercise intensity the 
increase in stroke volume is the predominant factor 
in providing increased cardiac output, whereas at 
about 30 to 40 percent of maximum stress the increase 
in heart rate assumes major importance. Under nor
mal circumstances an increase in heart rate does not 
impair the heart's ability to pump a maximum stroke 
volume. End-diastolic volume is nearly the same in 
both sitting and supine positions, but stroke volume 
decreases in the sitting position, leaving a large end-

Fig. 2. Changes in blood flow distribution among tissues 
in terms of absolute volume and percent of cardiac output 
(CO.) between rest and heavy exercise. 

systolic volume. During exercise the stroke volume is 
increased both by ejecting a large part of this systolic 
reserve (positive inotropy) and by increasing the fill
ing or end-diastolic volume of the heart with an 
increase in venous return to the heart. Usually the 
increased stroke volume is pumped out against an 
increased aortic pressure, so that the requirements on 

Fig. 3. Changes in heart rate with increasing exercise 
intensity. At rest, the heart rate is greater in the sitting 
than in the supine position (isolated points). During ex
ercise, heart rate increases to maximum more rapidly 
with arm than with leg exercise (solid lines). Heart rate 
may plateau before Vo2max is reached (dashed line). 
Adapted from Stenberg J and associates.12 
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Fig. 4. Changes in stroke volume with increasing leg 
exercise stress. Adapted from Stenberg J and associ
ates.12 

the heart are to pump a greater volume of blood 
against a greater pressure in the same time as is 
available at rest. Therefore, the myocardium must be 
able to increase its force of contraction. Any factors 
interfering with meeting these inotropic demands will 
impair the heart's ability to support exercise. The 
resting stroke volume varies with changes in position, 
being 1.5 to 2.0 times greater in the supine than in 
the sitting position.12,13,28 The decrease in stroke vol
ume when moving from supine to sitting results from 
three mechanisms: 1) peripheral pooling of blood in 
lower extremity veins, caused by the downward force 
of gravity, 2) a decrease in the absolute volume of the 
heart itself, and 3) a shift in cardiac reserve volumes 
(Fig. 5). These shifts in blood volume account for the 
more marked increases in stroke volume seen at the 
onset of exercise in the sitting position as opposed to 
the supine position.12 

The sustained increase in cardiac output must be 
supported by a matching increase in venous return to 
the heart.14 The veins are a major reservoir of blood 
because of their great distensibility. Primary reserve 
volumes exist in the veins of the pulmonary and 
splanchnic circulations, and also in the lower extrem
ities when the person is erect. These reserves are 

Fig. 5. Cardiac volumes at rest in the supine and sitting 
positions and during heavy exercise in the sitting position. 

mobilized during exercise by neurally mediated de
creased compliance of the veins of the pulmonary and 
splanchnic circulations, and a combination of de
creased compliance and active muscle pumping in the 
working muscles. Blood is forced out of deep veins 
near working muscles by the increased interstitial 
pressure during muscle contraction. The venous 
valves prevent retrograde flow, forcing the increased 
venous volume to move toward the heart. Use of the 
leg muscles as a vascular pump in mild leg exercise 
may account for an additional 400 to 500 ml/min of 
extra venous return. The increased conductance of 
blood through working muscles (except during strong 
isometric contractions) is also of major importance in 
increasing venous return. The changes in blood flow 
distribution discussed below provide the additional 
extra venous return needed to support increased car
diac output. 

Changes in Peripheral Blood Flow 

The second major change in cardiovascular func
tion supporting exercise occurs in the peripheral ar
teries. Working muscles may receive four to five times 
the proportion of the cardiac output of resting muscles 
(Fig. 2). Two events contribute to this shift in flow: 1) 
vasodilation in the working muscles and 2) vasocon
striction in splanchnic, renal, and nonworking muscle 
tissue. The vasodilatation occurring in working mus
cle has been a well-known phenomenon since the 
1870s.15,17 The mechanisms regulating this vasodila
tation, however, are still a matter of dispute. Because 
total working muscle blood flow increases proportion
ally much more than cardiac output does, blood flow 
to some other tissues must decrease by a similar 
proportion. Tissues that can afford to provide the 
extra volume are those that do not increase their 
metabolic activity with exercise and that have resting 
blood flows in excess of their resting metabolic needs. 
Major tissues fitting these criteria are the kidneys, the 
spleen, the liver, the gastrointestinal tract, and non-
working muscle.5,6,18 Studies of renal19,20 and 
splanchnic21,22 blood flow indicate an approximately 
linear decrease in flow in these circulations occurring 
with an increase in exercise intensity. Studies of blood 
flow to nonworking extremities also show an inverse 
linear relationship between flow through relatively 
inactive regions and exercise intensity.23-26 Figure 2 
indicates that the proportion of cardiac output to the 
renal and splanchnic circulations combined may be 
reduced to as little as 5 percent of its resting value at 
high exercise intensity (down from 45% of cardiac 
output to 2%). These combined decreases in flow 
effectively free about 10 liters (40%) of the cardiac 
output for use by the working muscle. The contribu
tion from nonworking muscle is variable, depending 
on the type of exercise being performed, but may 
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amount to 20 percent of the added volume. Other 
regional circulations either maintain their flow at a 
nearly constant level (brain, bone), increase it (myo
cardium, adipose tissue27), or show a variable flow 
(skin18). 

Central Arterial Pressure 

The pattern of increase of central arterial pressure 
during exercise shown in Figure 6 is a function of all 
of the above variables, being particularly affected by 
the degree of vasoconstriction in nonworking tissues 
and by the extent of the conductance changes in the 
working muscle. Mean blood pressure increases more 
rapidly during arm than leg exercise and reaches a 
peak at a lower percentage of maximum minute 
oxygen consumption ( o2max). Total peripheral re
sistance declines with exercise of both arms and legs, 
but is on the average lower during leg exercise. As a 
general rule, systolic blood pressure rises more rapidly 
than mean pressure, while diastolic pressure may 
remain constant, fall slightly, or rise gradually—de
pending on the type and stage of exercise. At the 
initiation of exercise, the mean central arterial pres
sure may drop because of a predominance of vaso
dilatation. With continued exercise, systolic pressure 
rises continuously or until a steady state is reached. 
The increase in mean pressure is due to the great 
increase in cardiac output, which cannot be suffi
ciently countered by the decreasing total peripheral 
resistance resulting from vasodilatation in working 
muscles. The rate of rise of central arterial pressure 
changes with the type of exercise. 

CLASSIFICATION OF EXERCISE 

Comparisons of results of exercise tests and studies 
are facilitated by classification of different types of 
standard exercises and an appreciation of their vary
ing demands on the cardiovascular system. Any type 
of exercise can vary in intensity. Intensity can be 
graded either as the absolute value of the work load 
(expressed as ergs, watts, kilopon-meters per minute) 
or as a percentage of the maximum work of which an 
individual is capable. Maximum exercise capacity 
(Vo2max) varies greatly among individuals, and most 
cardiovascular variables have a direct relationship to 
the degree of exercise intensity expressed as a per
centage of this maximum. Therefore, indications of 
percent voluntary capacity, such as percent maximal 
voluntary capacity (%MVC) for static work or percent 
maximum minute oxygen consumption (%Vo2max) for 
dynamic work, are preferable when comparisons 
among individuals are to be made. The validity of 
using %Vo2max as a measure of exercise capacity and 
as a standard reference for changes caused by exercise 

Fig. 6. Changes in central arterial blood pressure (BP) 
and total peripheral resistance (TPR) with exercise. 
Adapted from Stenberg J and associates.12 

has been discussed in detail by a number of 
authors.6,7,10,11,18 The general conclusion is that 
%Vo2max is the most reliable measure available in 
spite of difficulties in measuring Vo2max itself. The 
Vo2max is a valid standard when applied to popula
tions having similar cardiovascular capabilities and 
performing similar exercise protocols.10, 11,18 Percent 
MVC is also a fairly standard and valid measure for 
isometric or static exercise where the involvement of 
different muscles can be well-controlled among sub
jects, such that there is a constant relationship be
tween %MVC and %Vo2max. 

The many different types of exercise used in exer
cise testing and physical conditioning can be de
scribed by the system outlined in the Table.10,11 The 
principal characteristics considered are whether the 
exercise is static (predominantly isometric) or dy
namic (isotonic, isokinetic, or mixed), whether large 
(legs) or small (arms) muscle masses are being used, 
and whether the exercise is performed in an erect 
(sitting or standing) or recumbent position. Arm and 
leg exercises could be combined to make a further 
subset, but in examining acute (as opposed to train
ing) responses to exercise, the distinction is specious, 
inasmuch as there is very little difference in response 
when arm exercise is added to leg exercise.12,28 AC

TABLE 
Categorization System for Various Modes of Exercise 

Mode 

Static 

Dynamic 

Upper Extremity 

1. a. supine 
b. sitting or 

standing 
3. a. supine 

b. sitting or 
standing 

Lower Extremity 

2. a. supine 
b. sitting or 

standing 
4. a. supine 

b. sitting or 
standing 
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cording to this system, some typical exercise modes 
would be categorized as follows: 

Treadmill (4-b)—erect posture, dynamic exercise 
with the legs 

Bicycling (4-b)—erect posture, dynamic exercise 
with the legs 

Arm cranking (3-a or 3-b)—erect or recumbent 
posture, dynamic exercise with the arms 

Handgrip (1-a or 1-b)—erect or recumbent posture, 
static exercise with the arms 

The major cardiovascular variables that were dis
cussed progress in a more or less direct continuum 
through these categories. For example, the maximum 
minute oxygen volume (Vo2peak) induced by exercise 
is lowest for arm exercise and highest for uphill 
treadmill running.1,7 The rate of rise of heart rate is 
greater for arm and static exercise than for leg and 
dynamic exercise. Total peripheral resistance de
creases less in arm and static exercise than it does in 
leg and dynamic exercise, thus causing a greater and 
more rapid increase in central arterial pressure in the 
first two cases. The effect of changes in posture has 
been suggested above; the stroke volume increases 

more rapidly with exercise in the erect position than 
in the supine position. 

CONCLUSION 

The cardiovascular system supports the increased 
metabolic demands of exercise by increasing cardiac 
output through a combination of heart rate and stroke 
volume increases. Blood flow through working muscle 
is increased as a result of the increase in cardiac 
output coupled with shifts in the quantity of blood 
flowing to various regional circulations. The timing 
and the extent of the supportive changes in cardio
vascular function vary with different types of exercise, 
but the basic interrelationships among system com
ponents remain constant. When the function of the 
heart or the peripheral vasculature is impaired by 
injury or disease, the body's ability to sustain mus
cular exercise is also impaired. Whenever exercise is 
used as a treatment, the physical therapist needs to 
be aware of the interrelated functions of the cardio
vascular system. Evaluation of the patient should 
include checks on the ability of the cardiovascular 
system to supply support for prescribed activities. 
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