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INTrollJCTION 

It is generally accepted that the efficiency of the cir

cmlatory system is increased so that bocUJ.y demands incurred during 

exercise are more effectively met bJ those who have undergone Ph1°

sical. training. The untrained individual. also, of course, responds 

to physical work by an increased circulatory effort. It is the pur

pose of this paper to review the alterations in the circulatory sys

tem produced bJ physical exercise in the physical.17 untrained and 

the physically trained inditrldual; and to compare, where information 

permits, the differences made by physical training. 

Review of the literature has been limited to those studies 

based upon experimentation with athletes trained in sports requir

ing stamina such as swimming, cy-cling, or long distance running; 

and normal healthy- subjects involved in ewr,yday activities onl7. 

Age is not a constan1i1 however the great majority of t.he sub.jects 

used were in their second and third decades. Most of the studies 

included only males, but a fn of the articles did not designate 

the sex of the subjects under observation. A,s can be seen the se

lection of subjects has not been limited b7 strict criteria common 

to all studies reviewed. It can only be said that all subjects were 

healthy and either physically trained or not physically ,::.rained. 

Methods of technique for 'the various measurements per

:itinent to these studies have, as to be expected, illprovea with the 

more recent studies • The various techniques will no1i be del t with 
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in detail by this paper, but will be mentioned as necessary when 

the various aspect.s of circulation measured are discussed. The 

method of exercise was usually by use of the bicycle ergometer and 

the position either supine or upright. These factors will be covered 

with the various studies. 

Some general statements characterizing the athletes cir

culatory system will be beneficial before progressing to a closer 

look at the response of circulation to exercise and what alters thiS 

response. CUming sta~es that true cardiac hypertrophy occurs follow

ing physical training, as seen by autopsies of accidently killed 

athletes showing a 350 to 540 gram range in heart size. There is 

an increase in caliber of the coronary vessles which remains pro

portional to cardiac weight up to 500 grams. Hypertrophy beyond 

this size outstrips the increase in vessel size. The largest hearts 

are seen in endurance runners (30). BevegRrd shows that heart volume 

is increased lll the athlete. He found an average capacity of 1,087 

milliliters in the prone position which was significantly more volume 

than found in the normal physically untrained subject of the same 

body weight (6). The total amount of hemoglobin is greater in the 

athlete ~han in the physically untrained by a significant difference 

also, but there is an increase in total blood volume such that the 

hemoglobin concentration actually remains fairly constant (5, 6, 30). 

The athlete possesses a slower heart rate as well as a larger stroke 

volume than the nonathlete (these parameters will be discussed in 

more detail later). 'lhus, the circulation system of the physically 
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trained is larger and more efficient than that of the physically 

untrained. 

CARDIAC OUTPUT 

The increased metabolism occuring in muscle associated 

with exercise requires a more rapid supply of oxygen to the muscle 

as well as more rapid removal of the catabolic products from the 

muscle. 'Ibis demand is met by an increase in cardiac output. It 

has been traditionally thought that this increase in cardiac out

put, during exercise in normal subjects, is the result of increases 

in both stroke volume and heart rate. In recent years a number of 

studies with the direct Fick method or the indicator dilution tech

nique have failed to support the view of an increasing stroke volume 

during work. Not all recent studies agree with this concept, but 

some of the discrepancies can probably be attributed to the fact 

that measurements in some cases were with the subject in a supine 

position and in other studies with the subjects in a sitting posi

tion. It is well documented that at rest transition from supine 

to erect position causes a decrease of the stroke volume (38, l, 

35, 46, 29, 14, 53). Differences in technique and material may 

also, of course, lead to the discrepancies seen in studies con

cerning this aspect of cardiac output. 

" Bevegard et al1 compared circulatory response to exercise 

(bicycle ergometer) of well trained cyclists to nonnal nonathletic 

subjects by right heart catheterization employing the di rect Fick 
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method with analysis of oxygen saturation and hemoglobin concent

ratimh mf the blood spectrophotometrically. In this series of 

studies the increase in cardiac output on transition from rest to 

exercise was round to be almost exclusively a result of an increase 

in heart rate when the subjects were in the supine position. This 

was found to bet.rue for the athletes as well as the nonathletes. 

In the sitting position it was noted that cardiac output was less 

than in the supine position by about two liters per minute at rest. 

and during moderate and heavy exercise. The difference w~s explained 

by a smaller stroke volume in the sitting position, both at rest 

and at work, which is apparantly due to a redistribution of blood 

to the lower part of the body from the central veins with subse

quent decrease of ventricular filling. The stroke volume at rest 

was considerably less in the sitting than in the supine position, 

but increased substantially wit.h mild leg exercise in the sitting 

position. Aftier this initial change it remained constant- during 

continued work of higher intensity as in the supine position, but 

at a level approXimately 10 milliliters Jess. This difference in 

stroke volume between the two body positions is compensated for by 

a higher arteriovenous oxygen difference int.he sitting position 

so that the oxygen transport per pulse beat is equal, and, conse

quently, the amount of work performed at a-given pulse rate is in

dependent of body position (5, 6). This effect of body position 

during exercise has also been demonstrated by others (10, 51, 39, 

34). 
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In b~th the trained and the untrained subject exercise 

results in increased heart rate, minimal stroke volume increase, 

an increase in oxygen uptake, and an increase in arteriovenous oxy

gen difference. Whittenberger et al, showed that the normal indivi

dual has an increase in oxygen uptake and an increase in arterio

venous oxygen d.J..fference aft.er mild exercise in the recumbent posi

_tion. Work of the right. ventricle against pressure increased three 

tlllles fromthe resting level and that o.t' the left ventricle increased 

about two tJ.mes when exercise produced an oxygen consumption of 500 

cc/min/M2 (1 E). Dexter, et aJ., using normal subJecvS ane1 the direct 

Fick metnod found that. oxygen consumption during exercise increasea 

three to four times from resting values with a widening arteriovenous 

oxygen dirference, but that stroke out~ut increase in only 50% of 

the individuals he tested. Associated with the oxygen consumption 

increase was a three rold increase in the right ventricular work a

gainst pressure and less than a two 1·old increase against left ven

tricular pressure (13). CUming notes in his studies that the heart 

rate increases lineraly during exercise with respect to the work 

load and oxygen consumption between heart rates of 120 and 170 beats 

per minute, and believes that the increased cardiac output is due 

mostly to increased heart rate with little alteration in stroke vol

ume (12). Kahler et al, found ,:,hat in exercise ,t,1roducing a f'our to 

1'i ve 1·01e1 increase in oxygen consumption there occurred a 6tl% increase 

in heart rate, 17% increase in Siiroke volume and an increase in left 

ventricular ·minute work of 129% in the normal untrained suoject,. 
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To show that the autonomic system is important to optimum circu

latory response to exercise and ~hat the sympathetic system appears 

to play the major role, atropine and guanethidine w~re administered 

in combination to these subjects. The heart rate increased only by 

2~% in response to the same amount of exercise, the stroke volume 

increased only by 1%, and the left ventricular minute work increased 

just 5%. Block of ~he µarasympathetic system alone caused an in

creased heart rate and left ventricular minute work at rest and did 

not interfere with circulatory response to exercise (28) . Donald 

et al, tested nonnal SU.Qjects by cardiac catheterization while they 
I 

exercised in a supine position using a bicycle ergometer. Oxygen 

uptake increased ,promptly from a mean of 139.4 ml/min/M2 upon initi

ating exercise, reached a steady level by the second minute and main

tained a volume of 295 ml/min/t-12 for the remaining five minutes. 

Oxygen saturation of mixed venous blood decreased at the beginning 

of exercise reaching a steady level in one minute while the arterial 

sa~uration r ell slightly in most subjects but increased again upon 

cessation of exercise. With light exercise m:x:ygen uptake was two 

times the resting level, arteriovenous oxygen difference increased 

.from 3.10 volumes percent to 5.69 volumes percent, and t he cardiac 

output increased from 4.32 l/min/M2 to 5.26 l/min/M2• The para

meters were found to gradually increase with increase in severity 

of exercise "to an oxygen uptake of six to eight times resting values, 

an arteriovenous oxygen difference four times that found at rest, 

and an increase by two fold in cardiac output in heavy exercise. 
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'.I.he mean heart rate at rest was observed to be 81 beats per minute. 

During the first mmute of exercise t.here was a rapid increase and 

thereafter as exercise continued only raised sligntJ.y or remained 

at a steady level until exercise was stopped. Light exerciSe re

sulted in a mean heart rate of 93 beats per minute and a mean heart 

rate of 152 beats per minute was achieved with heavy exercise (15). 

Oiapman noted in his studies using brachial artery and vein catheteri

zation and t'vens Blue dye measurements that the stroke volume in

creased with increasing levels of exercise, but that the relation 

is probably not linear. The relative importance of this mechanism 

he believes t o be greatest at :bransition from rest to mild exercise, 

and at levels of exercise approaching maximum oxygen intake (10). 

'.I.hough these para.meters of cardiac output exist in the physically 

untrained as well as t.he physically trained, the athletes• circu

lation has been modified to better adapt to physical stress and 

therefore responds to a different degree for a given quantity of 

physical work. 

As previously noted, the physically trained possess a 

slower heart rate and a larger stroke volume at rest than do the 

physically untrained. The higher oxygen transport capacity in the 

\ athlete is explained by this increase in stroke volum~ and is a 

prerequisite for a large cardiac yutput during exercise and for a 

large mean peripheral oxygen utilization (6, 12). 
ti 

Bevegard found 

that exercise in the supine position producing an increase in car

diac output was almost exclusive a result of an increase in heart 
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rate~ and that this was true for athletes as well as nonathletes. 

He observed only a 9% increase in stroke volume on transition from 

rest to moderate work in tne cyclists from which the measurements 

were taken which was approximately the same increase observed in 

the untrained. The cardiac output and oxygen uptake at rest were 

larger in the athletes than in the nonathletes, and the arterio- , 

venous o:icygen difference was found. to be only slightly higher in the 

athletes (about 10 ml/L blood) at rest and during exercise (5, 6). 

Increase in stroke volume and./or increase in peripheral oxygen utili

zation can increase oxygen transport capacity, and, not in full agree-

" ment with Bevegard1s studies, Musshoff et al, found both a larger 

stroke volume~ a higher oxygen utilization to explain the increased 

ox;ygen transport seen in athletes when compared to nonat hletes. '!".he 

average arteriovenous oxygen difference between the two groups was 

observed to be 10 ml/L blood at rest and during light work, if val

ues at corresp9nding pulse rates are compared. During heavy work 

at a pulse rate of 170 beats per minute the arteriovenous oxygen dif

ference was 30 ml/1 blood. During work the stroke volume increased 

in both groups but was 15-30 milliliters larger in the group of 

athletes. However, at rest it was the same for the two groups. With 

a lower pulse rate the athletes were found t o ,have a cardiac output 

one liter per minute lower, with an oxygen uptake slightly higher 

than the ordinary subjects (37) • .Freedman et al, tested college cross 

country track members in t11,e trained and untrained condition using 

the direct Fl.ck method and various levels of exercise on the bic~cle 
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ergometer. It was observed that variations in response to cardiac 

outpuli and arteriovenous oxygen difference to increased tissue need 

between different individuals and the same individual on different 

occasions exceeds the difference existing between trained and un

trained athletes (21). Completely sedentary individuals may differ 

more from untrained athletes than untramed athletes differ from 

trained athletes, but these findings do imply that lihere J.S little 

n~ation in circulatory response to stress in athletes who train 

seasonally. Wang et al, studied the response o.f cardiac output in 

sedentary individuals and varsity swimmers to upright graded tread

mill exercise using an indicator dilution method. In the sedentary 

group at rest he found a stroke volume ranging from 21 to 42 cc/M2, 

a heart rate ranging from 52 to 75 beats P3 r minute and- a cardiac 

output of 2.6 to 4.2 L/min/M2• The swimmers at rest showed stroke 

volumes from 34 to 48 cc/M2, heart rates ranging from 51 to 65 beats 

per minute and cardiac outputs 01· 2.~ to 4.7 L/min/M2• At submax:imum 

exercise the seden-r.ary group haa stroke volumes from 43 to 65 cc/M2, 

heart rates from 186 to 192 beats per minute, and cardiac output from 

8.3 to ll.8 L/min/M2• The athletes for the same axnoun1; of exercise 
2 showed stroke volumes from 52 to 79 cc,IM, heart rates from 180 to 

197 beats per minute, and cardiac output from 9 .5 to 14.2 L/min/M2• 

Values .tor stroKe volumes during hard exercise did not average over 

10% aoove resting supine values in both groups. In an earlier study 

using similar techniques Wang ooserved similar response by trained 
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and untrained individuals to exercise. He concludes that athletes 

possess a higher initial stroke volume and lower resting heart rate 

with a slightly higher cardiac output than do untrained individuals, 

and that the more marked increase in cardiac output of t he athlete 

during exercise is the result principally of tachycardia (53,, 52). 

Due to the lack of control in selecti.ug subjects and the 

· various techniques employed to measure cardiac output during exercise 

ii:, is not too surprising that all tne studies are not in full agree

ment. Being guided by the more recent and more accurate methods of 

study, I believe it is not unreasonable to concluqe that the main 

difference between athletes and nonathletes is the size of the stroke 

volume. The physically trained have the advantage with a higher 

initial or resting stroke volume and a lower resting heart rate, 

since the pattern of response to exercise in both the trained and 

the untramed seems to be nearly identicle. That is, the increase 

in cardiac output is principally produced by an increase in heart 

rate to about the same level for a given amount of exercise in both 

groups with most evidence mdicating that me athlete has only a 

slightly increased ability to extract o~gen peripherally from the 

circulation and neither group shows much over 10% increase in stroke 

volume during exercise. Thus, the athletes• cardiac output is cap

able of surpassing the cardiac output of the physically untrained 

during exercise due to modification of the heart which allows it to 

deliver more blood volume per given contraction whether the body is 

at rest or at work. 
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BLOOD PRESSURE 

The introduction of heart catheterization has allowed the 

developement of the intravascular pressure recording technique. 

It has been generally found that the arterial and the peripheral 

venous blood pressures rise while the central venous pressure shows 

little or no change in the untrained subject during exercise. Riley 

et al, measured arterial pressure in normal subjects working upright 

on a bicycle ergometer anct found an increase from the resting level 

of 112/65 (mean pressure of 84) to 153191 (mean pressure of 123) 

taken at the highest load (4o). Dexter et al, studied the effect 

of exercise on the normal subject in the supine position and found 

an increase :in the brachial arterial mean pressure in all cases ex

cept one (13). F.skildsen et al, using the direct method measured 

arterial pressure in normal subjects working in the sitting position 

on the cycle ergometer. He found generally that the pressure in

creased rapidly during the transition from rest to work, and fell 

rapidly when the work stopped. An increase :m load was followed 

by an increase of the pressure. As a rule the diastolic pressure 

followed the systolic pressure, but on a minor scale (US). Fraser 

and Chapman recorded the arterial pressures of normal subjects work

ing on a treadmill. They found that during exercise the systolic 

pressure increases, the diastolic pressure falls and the mean pres

sureremains practically unaltered (20). Donald et al, using normal 

subjects in the supine position on the bicycle ergometer -with direct. 

catheterization found that the-average systolic pressure in the bra-
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chial artery increased rapidly at the onset of the work, and reached 

a steady level within one minute except in subjects working at the 

highest loads where it required two minutes to achieve the steady 

level. The pressure rise was roughly related to the intensity of 

the work. The average diastolic pressure increased only slightly 

at low loads; and the average mean arterial pressure rose during 

the first five minutes of work, then was maintained during the rest 

of the working period (15) • . Cuming noted in his studies that systolic 

blood pressure shows a gradual increase with increasing work loads 

for the nonnal subject. By indireet measurement it was observed 

that the diastolic pressure decreased, whi ch consequently produced 

a large increase in pulse pressure (this is contrary to observatit:ms 

by direct measurement as noted) (2). Ellis found an increase in 

systolic arterial pressure, but insignificant increase in diastolic 

pressure in the normal subject exercising on the bicycle ergometer 

(17). Most authors agree that at the transition from -rest to work 

the normal subject experiences an immediate rise in arterial blood 

pressure and that this rise to a steady state level during work is 

roughly proportional to the load. 

Simultaneous determinations of peripheral and central 

venous pressures were perfonned on physically trained subjects by 

Holmgren ( 26) and found to vary independently of each other during 

heavy exercise, but remain in close agreement during the first min

ute of work. This rise seen in peripheral. pressure with prolonged 

work may be an increase in blood flow through the veins from which 
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measurements were taken and/or increased venous resistance. These 

findings help explain the descrepancies between the results bbtained 

with the peripheral and central recordings. Mccre~ et al, studied 

venous pressure in nonnal subjects working on a cycle ergometer 

measuring indirectly from a vein on the dorsum of the left hand. 

An increase at the transition from rest to work was seen in every 

subject. The magnitude varied between 5 and 15 centimeters of 

water and was proportional to the work load. At the cessation of 

exercise the pressure fell rapidly to the resting level (20). Sch

neider and COllins used three indirect methods for the measurement 

of venous pressure in normal subjects exercising on a bicycle ergo

meter. The reaction observed fell into two groups; one group es

tablished and mcreased steady level after two to four minutes, and 

in the other group there was a delayed rise with a constant level 

\ not being reached until after ffiei:i-1 minutes. This distinction was 

observed only during light exercise. With heavy exercise the pres

sure rose in all subjects within one minute. The pressure returned 

slowly to resting levels after work ( taking up to 27 minutes upon 

cessation of heavy work) (33). Barger et al, measured venous pres

sure directly from a left forearm vein m normal subjectsexer

cising on a treadmill. The arm was supported at the level of the 

Xiphoid process and the work load increased to near maximal capi

city. It was found that during the period of mcreasing work the 

peripheral venous pressure increased in proportion to the load. 

'lbe increase began at a pulse rate of 100 beats per minute and was ... 
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found to average 73 millimeters of water at a mean pulse rate of 

181 beats per minut.e. A liuear relationship between pulse rate and 

peripheral venous pressure was observed to exist (55). It has been 

shown using direct catetherization that the central venous pressure 

does not rise at all or is only slightly increased in the normal 

exercising subject (43, 25, 13, 23, 12). '!here appears to be reasaR

able agreement that peripheral venous pressure is increased during 

exercise and varies directly with the degree of work performed. 

Also, there apparently is little i f any alteration in central venous 

pressure during exercise. 

Studies comparing blood pressure alterations between the 

physically trained and the physically untrained are linu.ted. Beve-

" gard et al, observed the intracarctiac anct intravascular differences 

between cyclists and nonat.hletes during exercise using •direct car

diac. catheterization. During heavy exercise with a heart rate close 

to l&)_ beats per minute both the int.racardiac and the intravascular 

pressures were considerably higher in the athletes than in the ord

inary subjects. The mean brachial artery pressure for athletes was 

found to be 210/80 millimeters of mercury compared to 100/78 milli

meters of mercury for the nonathletes, and the mean right ventri

cular pressure at this pulse rate for the athletes~was &J/4 milli

meters of mercury contrasted to a value of 45/0 millimeters 0£ mer

cury for the nonathletes. However, in relation tot.he cardiac out

put the pressure levels were 01· the same level except f or higher 

ventricular filling pressures in the athletes during exercise. As 

a consequence oft.he larger stroke volumes the pulse amplitude in 
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the brachial art~ry durmg exercise was approximately 5u mil.li

me~rs 01· mercury great.er for iihe athletes. The diastolic pressure 

was seen to mcrease only slightJ.y in both groups from the resting 

level (6). Thus, at rest intracardiac as well as intravascular 

pressures are of the same amplitude in both the physical ly trained 

end the physically untrained, but during exercise there is a larger· 

increase in these pressures for a given pulse rate in the athl.ete. 

OORONARY CIROJLATION 

As previously, noted the athletes heart becomes hypertrophied 

with increase in cardiac vessel caliber up to a point as physical 

training proceeds {12). This increased capacity at rest as well 

as during exercise may be the only difference between the cardiac 

circulation of the athlete and the nonathlete. Lombardo et, al, fpund 

that normal p~ysically untrailiad . subjects had an average coronary 

blood flow at rest of 77 cc/lOOgm/Illl.n with an average oxygen con

sumption of 9.4 cc/lOOgm/mi.n and an average extraction of 12 volumes 

percent. This was about 5% or the total cardiac output of these 

subjects with a relatively high amount of oxygen being extracted. 

During moderate exercise iihere was observed to be an increase in 

coronary blood 11ow without significant mcrease in oxygen extrac

tion, indicating tnat increases in work load are met primarily by 

increaseu coronary flow. The rise in coronary flow per 100 grams 

of left ventricular muscle averaged 45% with an increase cardiac 

output increase of 63%. A decline in coronary resistance was associ-
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iated wit.h t.his flow increase and an :increase in left wntricular 

work dur:ing exerci se was observed to be proportionally greater 

than the oxygen consumption elevation, indicating an increase in 

cardiac efficiency during exercise ( Jl) • Thus, there is evidence 

that the increased metabolic demands of the heart result :ing from 

the necessary :increase in cardiac output to meet the demands of 

the body during exercise is largly met oy increased coronary flow 

rate. It has been seen that stroke volume :increases only slightly 

with most change be:ing in the heart rate as cardiac output increases, 

and that this is true for the physically trained as well as the 

physically untrained. This suggests that coronary circulation is 

controlled primarily by the increase in h~art rate during exercise. 

Not only is the athlete working with a larger stroke vol ume to be-

gin with, but the increase to similar levels of heart rate during 

exercise from a generally slower resting rate permits a potentially 

larger coronary circulation per given time period. This, however, 

does not imply that coronary flow in the athlete is greater per 

muscl e mass per time. In fact, one would suspect th~t if the heart 

enlarges to greater than 500 grams and outstrips increase in vessel 

caliber (12), there would act.ually be less coronary i1ow per muscle 

mass. Though no cornpari ti ve studies could be found concerning coro

nary blood flow ln athletes and nonathletes; it appears that increased 

stroke wlume and vessel size in the athlete would account for the 

necessary larger coronary flow for the larger heart or t he athlete. 

There could be found no evidence that exercise causes a larger per-
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centage increase in coronary flow in the athlete as compared to the 

physically untrained. 

PU!MONARY CIRaJLATION 

There is an increase in blood flow through the lungs of 

the normal individual during exercise which partially compensates 

for the decreased diastolic filling time resulting from increases 

in heart rate. Sjgstrad observed in his s tudies that there is 

neither an increase nor decrease in intrathoracic blooct content 

during work in the normal subject. When cardiac .output J.ncreases 

to several times its resting value, there 1.s not a demand for the 

redistribution of blood from the greater circulation to the heart 

and lungs - - - rather, the reserve volume of the lesser circulation 

is called upon to increase the filling rate of the left ventricle. 

His subjects experienced a threefold increase in lung capillary 

flow rate during exercise. He concludes that the reserve blood in 

lungs compensates for occasional variations in supply and output 

and, due 'to resultant tension of lung vessel walls, it serves as a 

source of potential energy which detennines the maxi.mum capacity of 

circulation (4.5). Dexter et al, tested normal, untraJ.ned :individuals 

by direct catheterization and found that t here was an J.ncrease in 

pulmonary blood flow (.5 to 6 L/min/M2') without corresponding in

creases in pressure when oxygen consumption remained below 400 

cc/min;M2 indicating opening of new vascul ar area and/or i'urther 

widening of those already present. With identical pulmonary flows 

it was noted that when oxygen consumption increased to above 400 
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cc/min/M2, the pressure did rise when the subject was in the prone 

position, bu't not when the upright, posit.ion was usea. This was 

· thought to possibly be due to changes in intrapleural pressure. In 

the upright position there is an increase in cht:1st volume ano the 

greater stretch 0.1 tne lungs produced by gravity allows uhe elast.ic 

properties 0.1. me lungs tv lower 1.1he m-r.rapleural pressure. Since 

intrapleural pressure is the true baseline 01· vascular pressures in 

the chest, a given level of pulmonary artery pressure might be un

changed wnen referreu to an arbitrary zero point, but increased 

when referred t.o the lower intrapleural base line. This would sug

gest a slig~tly tinder estimated upright 1JU.lmonary pressure. Con

sidering this alteration in pulmonary pressure seen with position 

change during exercise, Dexter observed only a slight rise in mean 

pulmonary capillary pressure (13). Donald et al, studying normal 

subjects supine on the bicycle ergometer wil.h caruiac oathet.eri

zation round that exe~cise caused an iucrease in pulmonary artery 

pressure which variea .1rom subject to subject and appeared unrelated 

to the severity or the exercise. He also notes that pressures ta.ken 

with reference t.o a fixed zero level may not show significant pul

monary pressure change. It was observed that pulmonary artery re

sistance showed a slight increase during exercJ.Se and that the work 

performed by the right ventricle was seen to increase in a rough 

direct relation to the degree of exercise (15). Riley et al, noted 

some minim.al increase :in mrk of the right ventricle in the normal 

subject durmg exercise, but observed a decrease in mean pulmonary 
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artery pressure. He explainS this decrease in diastolic pressure 

with unchanged systolic pressure during a cardiac output increase 

of two to two and one half fold as due to a sharp decrease in pul

monary vascular resistance (40). Johnson et al, observed a rapid 

increase in pulmonary capillary blood fl.ow · with onset of exercise 

in normal subjects working on a treadmill. The increase reached 

a plateau after &:J seconds and within five minutes after cessation 

of exercise the flow rate had returned to resting level (27). Beve-

" gard found ~hat in the supine position the pulmonary arterial wedge 

pressure mcreased in athletes from an average of 9.4 millimeters 

of mercury at rest to 15.9 at moderate work loads and 17.0 milli

meters of mercury at more severe work loads. This increase was : .. ; 

noted to be more marked than that shown by nonathletes which aver

aged from a resting value of 9.4 millimeters of mercury to 10.$ 

during moderate exercise and 11.0 millimeters of mercury at the most 

severe degree of exercise. 'Ibis difference between athlete and non

athlete is cexplained as the result of larger central blood volume 

possessed by the athlete, which may represent a higher potential 

energy that helps maintain the large stroke volume with short effec

tive filling time at high heart rates. The pressure in the pulmonary 

artery at 'rest was within the same range as in ordinary subjects, 

but durmg exercise this pressure was higher in the athletes in pro

portion to the higher arterial wedge pressures. The pressure gradi

ent over the pulmonary vascular bed in relation to cardiac output 

was approximately the same in both the group of athletes and nonath-
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Je tic group ( 6). The more recent studies of pulmonary now during 

exercise agree that blood flow through the lungs is increased during 

work in the norm.al subject with increases in pulmonary artery pres

sure (Riley (27) disagrees with thiS) that vary with body position, 

but would probably be more constant if an arbitrary zero base line 

were used. There lil little, if any, mifference in pulmonary blood 

pressure durmg rest between the physically trained and the physically 

untrained, but during exercise it has been observed that the pulmonary 

artery pressure increases in the athlete. The pressure gradient over 

the pulmonary vascular bed is apparantly the same in both groups dur

ing exercise indicating that blood is reaching the athletes• left 

atrium under higher pressure than it is in the nonathlete which helps 

explain the maintamence of the increased stroke volume at high heart 

rates. 

VISCERAL CIRaJLATION 

As muscles are called upon to perform more work the increase 

in blood flow required is met in part by the increase in cardiac out

put and m part by a decrease 1.n blood flow and volume to the vis

cera which is not in such need of an mcrease in circulation. Braun-, ' 

wald and Kelly using indicator dilution technique observed an in-

crease in central blood volume ( described as both sides of the heart, 

the lungs, and a significant fraction 01 the large arteries) in nor

mal subjects exercismg in the supine position on a bicycle ergo

meter. There was an average increase of 285 milliibi ters during 
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exercise which was explained by a shift of blood out of the splanch

nic vasculature (Y). Wade et al, determined splancbnic blood flow 

using BSP clearance and extraction and splanchnic blood volume by 

following the tracer concentration of arterial and hepatic venous 

blood after injection of I 131 - labelled hwnan serwn albumin into 

a peripheral vein. Normal, untrained subjects perfornu.ng ligjlt ex,

ercise were used. Splanchnic flow was seen to decrease by 250-450 

milliliters per minute during exercise and return to resting levels 

by ltl to 22 minutes af'ter cessation of exercise. At rest the oxy

gen upta.1<:e was observed to oe 20 to 34% of total uptake and during 

exercise was only 7 to 11% of the total oxygen uptake. The blood 

volume showed a decrease of 300 to 700 milliliters with only a slight 

hematocrit alteration indicating that total blood volume remained 

nearly the same during exercise. The decreased spl.anchnic volume 

was explained as due to more vigorous respiratory movements of the 

diaphram and contraction of abdoml?al musculature causing an in

creased intra-abdominal pressure with consequent expression of blood 

from abdominal vessels (49~. Bradley used sodium PAH clearance to 

study renal and liver blood flow respectively in normal suhjects ex

ercising in the suptne position on a bicycle ergometer. At a cardiac 

output two times resting level he observed a sharp fall in both hep

atic and renal blood flow with a larger decrease in hepatic flow (8). 

Barclay; et al, measured the renal plasma flow (Diadone method) in 

normal, untrained subjects who had just run 44u yards at maximum 

speed. It was noted that plasma flow decreased to 18 to 54% of the 
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initial testing flow remained below resting .flow value ~Oto 40 

minutes after cessation of exercise ( 2) • Merrill and Cargill 

measured renal plasma .flow in normal subjects durrng exercise (s.tep

ping up and down 12½ inch 'steps) via sodium PAH. They found that 

two thirds of their subjects showed an appreciable decrease in renal 

plasma now and concluded that mild exercise is not likely to cause 

a decrease in renal plasma flow, but that severe exercise may cause 

renal shutdown even in normal subjects (/3.6). There is good agree

ment, then, that during exercise the visceral circulation is de

creased which may be important in augmenting venous return to the 

heart and permitting more rapid adjustment in cardiac output and 

increased muscle blood flow. Though these studies. have all been on 

the untrained subject there is little reason to assume that the ath

letes• visceral circulation responds differently to exercise. Per

haps, due to the already increased total blood volume and increased 

efficiency in cardiac output, it may require more severe exercise 

to produce equal visceral flow and volume changes. 

OJ TANEOUS CIRCULATION 

Most investigators have found that during the first few; 

minutes of exercise skin circulation is decreased, but with pro

longed work again rises to above resting flow. Fox and Edholm 

observed cutaneous circulation by means of heat measurement, nerve 

block, and venous occlusion pleth,s.mography. They f ound that cut.

aneous vessels in the hands, lips, and pinna of the ears are con-
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trolled by vasoconstrictor nerves; and ~hat blood fl.ow in the skin 

of the forearm, calf, thigh, upper arm, cheeks, forehead, chin, neck 

and trunk is regulated mainly by a vasodilator mechanism. 'ftley be

lieve that the bradykinin producing enzyme contained in sweat may be 

the vasodilator, but the final proof or disproof of this hypothesis 

will be available only when a block to the bradykinin mechani~m is 

found (19). Barger et al, measured the reactive hyperemia of the 

middle volar forearm surface of the normal~ untrained subject work

ing on a treadmill. They noted that the appearance and persistance 

of .cutaneous hyperemia (vessel tone) usually remained within control 

limits until heavy work was perfonned. With heavy exercise the skin 

vessel tone was observed to increase. They concluded that conditions 

producing an increase in cutaneous vessel tone are cumulative in 

nature, but are not significiant until exhaustion is approached (4). 

Bishop et al, measured blood flow alterations in the resting arm 

during leg. exercise and noted an initial increase m ,:pcillary artio

verius oxygen difference followed after variable time by a decrease 

in arteriovenus oxygen difference indicating a reduction of deduced 

total arm blood fl.ow during early exercise. Hand calorimetry re

vealed a reduction of heat elimination in the early minutes of ex

ercise which was followed by an increase in heat elimination. The 

rate of clearance from forearms of injected radioactive sodium was 

not significiantly altered between. rest and exercise. They, there

fore, concluded that blood flow to the resting arm during leg ex;.. 

ercise is initally decreased but remains so for only a few minutes. 

and that this decrease occurs principally in the cutaneous circu-
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lation ( 7). Christensen et al, measured cutaneous blood flow in 

nomal exercising (bicycle ergometer) subjects via plethysmography 

and themocouple temperature measurements. At the beginning of 

heavy work an instantaneous and consider~ble decrease in skin cir

cula-cion occured which remained decreased for several minutes. With

in six minutes the flow had increased to above resting levels. They 

believe that the vasoconstriction seen initially during exercise is 

of nervous origin - either cortical impulses or reflex influence 

from the working muscle (ll). Lowenthal et al, observed an increase 

in cutaneous blood flow during exercise by measuring the hand and 

fingers with the venous occil.usion plethysmograph. No timed measure

ments were reported ana it is assumed that this iS an overall 

measurement or else taken sometime after the initial decreased flow 

had occured as noted by other investigato.r.s-· (32). Only the findings 

of Barger et al, (4) are not in agreement with an initial decrease 

in cutaneous circulation upon initiating exercise which is followed 

by an increase m blood flow as exercise is prolonged. This might 

possibly be due to using the foream for the study 01· cutaneous 

circulation rather than the hand as was done in most other i:uvesti

gations (remembering t nat Fox and Edholm (19) found vasoconstric-

tion control predominant lll the hand, but not lll the forearm). One 

rrugbt explain -c.he initial decrease in cutaneous flow as a mechanism 

to aid flow and volume increase to the muscles, then ,as the body 

temperature increases and the cooling mechanism of vasodilation is 

needed, blood f1ow through the skin increases to above resting levels. 
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No comparison studies could be found with athletes, but, again, 

there is little reason to believe a similar cutaneous blood flow 

response to exercise would not be expected rn the physically trained. 

MUSCLE CIRaJLATION 

There is an increase l.l1 lr>lood flow through act,ive muscle 

1n both the physically trained and physically untrained. With a 

given degree or exercise tlus blood flow increase is larger m the 

physically trained. Roddie and Shepherd have found that skeletal 

muscle vessels are supplied with both vasoconstrictor and vasodia

lator nerve fibers. Many stimuli (mainly t.hrough baroreceptor re

flexes. on.gmating inside the chest cavity) modify the constrictors, 

but the dilators are activated only by emotional stress. When at 

rest the muscle vessels are under considerable constrictor tone (41). 

Dornhorst observed in his studies that blood flow through the exer

cising calf and forearm increases and nearly always increases rurther 

immediately upon cessation of exercise. It appears that contracting 

muscle hinders blood flow and the extent of hindrance varies with 

the degree of contraction and the muscle being tes·ted (flow can 

actually be arrested by maximum calf contraction). The decrease of 

post-exercise hyperemia is very nearly exponentiaJ. for periocsof 

exercise up to about five minutes --- after longer period of time an 

additionaJ. Ionger period become apparent. Post-exercise dilation 

is strikingly independent of the actual flow achieved or permitted 

implying a lack or highly diffusable substance producing the dila-
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tion. It was also f ound that local oxygen tension is not critical. 

Bradykinin is perhaps the most plausable dilating material at pre

sent, but as previously stated a blocking agent is needed to prove 

this (16). In agreement with this post-exercise vessel dilation are 

the findings of Sharpey-Schafer who observed a flow increase of 5/20 

fold upon cessation of exercise. It was also noted that with this 

-arteriolar dilation there occured a venous constriction after exer

cise (44). Wisham et al, detemined blood flow in the gastroenemius 

and biceps of nonnal untrained subject with radioactive sodium. The 

clearance rate of the radioactive sodium was significant ly increased 

by moderate exercise, and fatiguing exercise markedly increased the 

clearance rate which was maintained 8 to 10 minutes foll owing cessa

tion of the exercise (54). Grant measured changes in forearm volume 

of normal exercising subjects and found that with a single sustained 

contracti on limb volume decreased during the first three to . five sec

onds after which the volume increased to a maximum by 3U seconds. 

,<Jhen the grasp was released there was an immediate further small rise 

in volume follow:ed 1 by a subsidence to the resting volume. He thus 

concludes that while strong muscle volume does compress vessels, it 

iS not enough to prevent dilation to a certain extent and increase 

in blood flow during exercise (22). Rohter et al, compared six 

swimmers in training with six normal nonathletes with t he plethys

mograph during exercise. A significant larger increase in the nru.s cle 

flow was observed in the athlete during exercise when compared to 

the nonathlete, but resting flows were essentially the same in both 

groups. Thus, physical training may make more capilliaries avail-
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able which would enhance performance by assuring increased o:xygen 

supply and more efficient removal of metabolites. On the other hand, 

the increase nruscle flow seen in athletes may be due to increased 

flowthrough non-nutrient arteriovenus · anastomoses. The exact func

tion of the arteriovenus anastomoses is not clear, but they may in

crease efficiency and faciliate muscle contraction (42). Wakim1 

et al, concludes from their investigation that repeatedly activated 

muscles develop an efficient blood supply either by the develop

ment of new capillaries or the opening up of hitherto unused ones 

(,50). Thus, there is good agreement that blood flow through active 
-

muscle is increased and that trained muscle has the facJ.lity of in-

creasing this flow stl.ll further from the resting level. 

SUMMARY 

The various hemodynamic alterations occuring in man during 

exercise have been reviewed and comparisons made between the physic

ally 'lillltrained and the physically trained where information permitted. 

Due to the lack of a basic set of criteria common to all studies re

viewed regarding age, sex, methods and techniques of mtJasurement and 

degree of physical fitness; only general conclusions can be drawn 

with reference to the results of the various investigations. There 

was general agreement that exercise causes an increase in heart ~ate, 

a slight mcrease m stroke volume, en increase in oxygen uptake, and 

an increase in arteriovenus oxygen difference in both the trained 

athlete and the nonathlete. The athlete possesses a larger cardiac 
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output due mainly to a larger stroke volume, but as in the nonathlete 

the mcrease in output during exercise is principally due to an in

crease in heart rate. It has also been observed that the athletes• 

ability to extract oxygen peripherally is slightly greater than the 

nonathletes• ability. Arterial blood pressure and peripheral venous 

pressure increases with exercise and varies with the severity of work 

in both groups, while the central venous pressure shows little if any 

change. This increase in blood pressure (intravascular and intra

cardiac) is larger in the athlete for a given work load. Both groups 

show an increase in coronary blood flow during exercise which is pri

marily controlled by the increase in heart rate. No evidence could 

be found indicatmg that tnere is a larger percentage increase in 

coronary blood flow in the athlete, though with a larger heart and 

larger caliber of the coronary vessels greater blood volume does flow 

through the muscle 01' the athletes' heart. Blood flow through the 

lungs is increased and the pulmonary artery pressure :increased during 

exercise in both the physically tra:ined and the physically untrained. 

The increase m pulmonary artery pressure is higher m the athlete 

for a given amount of work, but the pressure gradient over the pul

monary vascular bed is the same in the two groups. This increased 

blood pressure to the left antrim in the athlete aids in maintain-

ing the increased stroke volume at high heart rates. Blood flow 

through the viscera is decreased in the normal nonathlete during ex.,,. 

ercise which may augnent venous return to the heart. No studies on 

visceral now m the physically tra:ined were found. There is an in-
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itial decrease in cutaneous blood fl.ow during exercise followed 

by an increase in flow to above resting levels as exerci se is con

tinued in the nonathlete. Again, no specific investigat ions using 

athletes were found. Blood flow through act ive muscle increases 

both in the physically trained and the physically untrained. This 

increase in fl.ow is seen to be greater in the athlete. It. is thus 

seen that physical training stimulates the development of a more 

efficient circulatory system allowing the trained individual to 

perform greater amounts of work for longer periods of time than the 

untrained individual. 
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