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The purpose of this investigation is to compare
measurements of the blood volume and related
factors in normal persons and in cases of heart
disease before and after exercise. Previous in-
direct studies of the blood volume have indicated
that as a result of exercise there is an increase in
the concentration of the red blood cells and hemo-
globin. Two explanations have been proposed to
account for this change; (a) the red cells are ex-
truded from the blood depots into the circulation,
thereby increasing the volume of the blood and
cells (1, 2, 3) and (b) there is a change in the
concentration of the blood due to passage of fluid
from the blood into the tissues (4, 5).

The point at issue here should be readily clari-
fied by direct measurements of the blood volume
during and after exercise, but the results of such
determinations do not settle the problem because
there is no unanimity of opinion. In dogs after
short periods of exercise one group of observers
(6) found a decrease in the plasma and cell vol-
umes, while another observer (7) noted an in-
crease in all the components of the blood volume.
In man, Chang and Harrop (8), employing the
carbon monoxide method for the blood volume,
exercised 4 normal individuals on a bicycle er-
gometer for from 6 to 10 minutes and found that
the total circulating blood volume was increased
from 1.3 to 7.3 per cent. Ewig and Hinsberg (9)
and Wollheim (10) using the dye method found
an average increase of 11.8 per cent in the plasma
volume and 15.1 per cent in the cell volume after
short periods of moderate exertion in normal sub-
jects. Levin (11) determined the plasma volume
immediately after exercise in 11 subjects and
found it decreased in 8 subjects, unchanged in 1
and increased in 2, while the cell volume was
diminished in 4, increased in 4 and unchanged in
3 cases. Lozoya (12), working at an altitude of
2249 meters, concluded from his observations that
one-half hour of exercise (running and jumping)
diminished the plasma volume 8.9 per cent, in-
creased the cell volume 5.6 per cent, and decreased

the total blood volume 4.1 per cent. Gibson and
Branch (13) stated that they observed as a result
of exercise a prompt and considerable decrease in
the blood volume.

Observations on the blood volume before and
after exercise in patients with heart disease are
relatively few. Ewig and Hinsberg (9) and
Wollheim (10) reported that, while in healthy
individuals exercise increased the circulating blood
volume through mobilization from the blood de-
pots, in heart disease physical activity was not fol-
lowed by such an effect, the volume remaining es-
sentially the same. As the patient with heart
disease regained his cardiac reserve, the response
of the blood volume to exercise was again normal,
i.e., an increase in plasma and cell volumes. The
results of Levin (11) on heart disease are some-
what at variance with those reported by the above
observers. This investigator found that the cir-
culating blood volume increased in 58 per cent of
the patients with heart disease (compensated and
decompensated) in contrast to normal individuals
in whomthe volume was diminished in 73 per cent
of cases as a result of exercise.

METHODSAND PROCEDURES

The plasma volume was measured by the dye method
described by Gibson and Evans (14). The plasma vol-
ume is measured by determining the dilution in the blood
stream of a measured amount of an azo dye, T-1824,
after intravenous injection. Changes occurring during
the experimental procedures were followed by the short
"indirect" method (14). By this method changes in the
plasma volume in excess of + 40 cc. and -90 cc. may be
considered significant.' The total blood and cell volumes

1 The assumption is made that the dye disappears from
the blood stream at a linear rate and that the best line
fitting the five initial points gives the rate. Actually the
rate of disappearance of most substances from the blood
stream is proportional to the amount present, i.e., it is an
exponential curve. In this series of experiments, we
were interested to know what was the magnitude of the
errors which occurred, due both to the experimental vari-
ation and to the assumption that the disappearance is a
straight line. In 2 cases observations on the concentra-
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were calculated from the plasma volume and the hemato-
crit values. The hemoglobin was determined by the
oxygen combining power method (15), the blood vis-
cosity by the Hess Viscometer and the proteins by Howe's
Kjeldahl method (16). The circulation time was meas-
ured by the intravenous injection of "decholin" (17)
and the venous pressure by the direct method of Griffith,
Chamberlain and Kitchell (18).

The procedure of the experiments was as follows: All
the subjects were examined under basal conditions. On
coming to the laboratory in the morning the subject

tion of the dye in the serum were made for 90 minutes
after the beginning of the experiment without doing any-
thing to modify the blood volume. (See control curve,
C. D., at the top of Figure 1.) The mean observed per
cent error was -0.82 with a standard deviation of + 1.04
per cent. This means that, as far as one may argue from
these 2 cases, 94 per cent of the observations will be be-
tween + 1.26 and -2.90 per cent or + 38 cc. and -87
cc. for an average plasma volume of 3000 cc.
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rested on the seat of a bicycle ergometer for 45 minutes.
During and for 10 minutes prior to the determination of
the plasma volume the subject's arm was placed in a com-
fortable stand so adjusted that the antecubital vein was
at the height of the angle of Louis. A vien in the ante-
cubital fossa was punctured and blood was withdrawn
for a dye free sample of serum. An accurately measured
amount of dye was then injected. After rinsing the
syringe and needle several times with blood the venous
pressure was measured. Fifteen minutes (18 to 20 min-
utes in patients with heart disease) following the dye in-
jection blood samples were taken at 5-minute intervals
for 20 minutes. After the last sample was obtained the
circulation time was determined.

When the sampling was completed, the subject was
asked to ride a stationary bicycle for 10 minutes, the nor-
mal subjects performing on an average 400 kgm. per
minute and the patients with heart disease 350 kgm. per
minute. Samples of blood were withdrawn from the
antecubital vein about half way through the exercise
period and just before the exercise was terminated. Dur-
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EFFECT OF EXERCISE ON BLOODVOLUME

ing the post exercise period blood was withdrawn for
serum samples and relative cell volume. Circulation time
and venous pressure were measured at varying intervals.
The length of the experimental period was from 35 to
40 minutes.

In several experiments the type and amount of the work
were changed somewhat. In one experiment (N. K.) the
amount of work was doubled for 4 minutes after the
usual period. In another, the subject (V. D.) rode the
bicycle to exhaustion. The work in two other experi-
ments (J. C. and A. R.) consisted of going up and down
steps. In still another (A. M. B.) the subject was lying
in bed while the blood volume was determined, after
which he raised his legs above the bed and worked them
vigorously for 10 minutes.

Determinations of the plasma and blood volumes were

made before and following exercise on 6 normal indi-
viduals, 1 with chronic alcoholism, 1 with anorexia ner-

vosa and 4 with compensated heart disease. In the latter
group 3 of the patients had rheumatic heart disease; 1

had only involvement of the mitral valve, while the others
had both aortic and mitral valves involved. The fourth
patient of this group had hypertensive heart disease. All

the patients had had one or more episodes of congestive
heart failure. At the time of the determinations, all of
the patients were ambulatory; all complained of dyspnea

on moderate exertion but only 1 had signs of congestive
failure, a slight peripheral edema. The cardiac reserve

of these patients was not great, for all of them com-

plained of rather severe respiratory distress on perform-
ing what is considered to be moderate exertion on the
bicycle ergometer.

RESULTS

Normal subjects. The characteristic changes
in the plasma and blood volumes during and after
moderate exercise are depicted in Figure 1 and
Table I. In every case exercise was accompanied
by a prompt and definite decrease in the plasma
volume. The diminution in the plasma volume
was associated with an elevation in arterial and
venous pressures. However, there was no cor-

relation between the degree of increase in pres-

sure and the decrease in volume. In 1 case,

TABLE I

Alterations in the volume of the blood before, during, and after muscular activity (normal subjects)

Change in vol Total Ve-
___________ ~~ems- Hemo- Se imCru- 'noConditions torit i lating cos- prO s

Remarks
Bod Cell t%prtoglitin suresPlamsm Blo teins sr

per Pff Pff per grans mm.CC.I CC. m CC Cad car grams per grams H|0cend
A. M. B. Rest 3600 6460 2860 44.3 15.5 4.0 77 Sitting, bicycle ergometer; 447 kgm.

January 11, 1938 Exercise, 6 minutes -480 -13.3 -660 -9.9 -180 -6.3 46.2 16.1 4.4 per minute for 10 minutes.
Exercise, 10 minutes -430 -12.0 -620 -9.3 -190 -6.6 45.7 4.4 282
Post Exercise. 19 minutes +40 +1.1 +80 +1.6 +40 +1.4 44.3 15.4 4.3 39 Normal.

A. M. B. Rest 3600 6240 2640 42.3 14.6 5.96 215 4.1 Lying in bed, working leg vigor-
March 29, 1938 E cise, 6 minutes -960 -26.7 ousdy for 10 minutes, fatigued.

Post Exercise, 2 minutes -560 -15.6 -660 -10.6 -100 -3.8 45.5 15.6 6.68 210 4.6
Post Exercise 8 minutes -250 -7.0
Post Exercise 28 minutes +30 +0.8 +100 +1.6 +70 +2.7 42.7 14.8 6.02 219 4.2 Normal.

R. D. Rest 2700 5020 2320 46.2 16.3 4.2 77 Sitting, bicycle ergometer; 414 kgm.
January 21, 1938 Exercise, 5 minutes -170 -6.3 -210 -4.2 -40 -1.7 47.4 17.2 4.5 per minute for 10 minutes.

Exercise, 10 minutes -150 -5.5 -140 -2.8 +10 +0.4 47.9 17.2 4.5 114
Post Exercise, 7j minutes -50 -1.8 -40 -0.8 +10 +0.4 46.8 16.7 4.3 84
Post Exercise, 25 minutes -20 -0.7 -60 -1.2 -40 -1.7 46.0 16.3 4.3 92 Normal.

C. M. Rest 3480 6380 2900 45.4 15.5 5.72 196 4.6 35 Sitting, bicycle ergometer; 330
March 2, 1938 Exercise, 5 minutes -270 -7.8 -280 -4.4 -10 -0.3 47.4 16.4 6.07 195 4.7 kgm. per minute for 10 minutes.

Exercise, 10 minutes -100 -2.9 -40 -0.6 +60 +2.1 46.7 16.3 6.39 216 4.7 93
Post Exercise, 7j minutes -40 -1.1 +20 +0.3 +60 +2.1 46.3 16.0 4.7 95
Post Exercise, 25 minutes +90 +2.6 +110 +1.7 +20 +0.7 45.0 15.7 &08 217 4.6 40 Normal

N. K. Rest 3090 5760 2670 46.4 16.6 6.9 213 4.6 Sitting, bicycle ergometer; 426
February 22, 1938 Exercise, 5 minutes -250 -8.1 kIgm. per minute for 12 minutes,

Exercise, 10 minutes -290 -94 -300 -5.2 -10 -0.4 48.7 17.5 7.56 212 4.8 then 830 kgm. per minute for 4
Exercise, 16 minutes -410 -13.3 -390 -6.8 +20 +0.8 50.1 17.9 7.6 204 5.2 minutes
Post Exercise, 12 minutes -370 -12.0
Post Exercise, 27 minutes -330 -10.7 -410 -7.1 -80 +3.0 48.4 16.9 7.5 207 4.7 NormaL

N. K. Rest 3280 6200 2920 47.1 15.1 6.7 220 100 Sitting, chair ergometer; worked
February 20, 1939 Exercise, 7 minutes -230 -7.0 -270 -4.4 -40 -1.4 48.1 158 with left arm for 15 minutes.

Exercise, 12 minutes -130 -4.0 -80 -1.3 +50 +1.7 4&1 15.6 7.02 221
Exercise, 15 minutes -200 -6.1
Post Exercise 12 minutes -30 -0.9 +50 +0.8 +80 +2.7 47.5
Post Exercise, 26 minutes +30 +0.9 +140 +2.3 +110 +3.8 47.4 6.9 228 Normal.

V. D. Rest 3210 5800 2590 44.6 14.9 6.32 203 4.1 64 Sitting, bicycle ergometer; worked
June 6, 1939 Post Exercise, 1 minute -670 -20.9 -520 -9.0 +150 +5.8 51.9 17.3 8.07 205 5.5 to exhaustion in 51 minutes.

Post Exercise, 5 minutes -500 -15.6 -300 -5.2 +200 +7.7 50.7 115
Post Exercs, 11 minutes -490 -15.3 -240 -4.1 +250 +9.7 51.0 16.5 5.2
Post Exerise, 28 minutes -400 -12.5 -230 -4.0 +170 +6.6 49.5 16.3 7.34 206 5.2 30 NormaaL
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doubling the amount of work caused a greater
diminution in the plasma volume. Two indi-
viduals who did exhaustive work showed a rather
marked decrease in plasma volume.

The changes in cell volume were variable.
During moderate exertion the cell volume was

slightly diminished in all instances at the end of
5 or 6 minutes of work. Just before work was

discontinued the volume of the cells showed a

very slight increase in 2 cases (R. D. and C. M.).

When the exercise was prolonged, as in the case

of N. K., or exhaustive work was performed, the
cell volume was increased in 2 out of 3 cases.

The individual (V. D.) performing exhaustive
exercise on the ergometer showed a moderate in-
crease in cell volume.

Due chiefly to the loss of plasma from the blood
stream, the degree of diminution in the blood
volume was almost parallel to that of the plasma
volume. During severe exercise, however, the

V.D.

TOTAL BLOODVOOLUME. CC.

PLASMA VOLUME. CC.

CELL VOLUMECC

HEMATOCRIT. *j.
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FIG. 2. THE CHANGESIN THE VOLUMEOF THE BLOOD AND OTHERRELATED
CRCULATORYMEASUREMENTSDURING AND AFTR EXHAUSTIVE WORKBY A
NORMALINDivIDUAL
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EFFECT OF EXERCISE ON BLOODVOLUME

decrease in blood volume was not quite so great
as that of the plasma volume because of the addi-
tion of red cells to the blood stream.

As a result of these alterations in the blood vol-
ume, the serum proteins, the hemoglobin, and the
viscosity of the blood increased in proportion to
the fluid loss from the blood stream. In 5 cases

in which the arm-to-tongue time was measured
during exercise, it was found to be decreased.

Following exercise the concentration of the dye
in the serum gradually fell toward the prolonga-
tion of the disappearance slope, indicating dilution
of the plasma. The plasma volume increased so

that 25 minutes after exercise the volume was

within + 2.6 and - 0.7 per cent of the initial
value. Similar changes were noted in the blood
volume. During the post-exercise period the al-
terations in the cell volume were again variable.
Several cases showed a slight increase, others a

slight diminution. Twenty-five minutes after ex-

ertion the hemoglobin and viscosity of the blood
usually reached the pre-exercise level, while the

serum protein was slightly higher than the control
value.

When more severe exercise (N. K. and V. D.)
was performed, the volumes of the plasma and
blood were still diminished and, in 1 case (V. D.),
the cell volume remained elevated 25 minutes after
exercise (Figure 2). Likewise, the hemoglobin
and viscosity of the blood and the serum proteins
remained elevated, although the venous pressure

was less than that observed during the control
period.

Heart disease. The alterations in the blood
volume due to exercise in patients with heart dis-
ease and those wtih poor vascular responses were

very similar to those in the normal subjects (Table
II). There was diminution in the plasma volume.
The blood volume was not proportionally dimin-
ished because there was a slight increase in the cell
volume. Here, too, the decrease in the plasma
volume paralleled changes in the arterial and ven-

ous pressures. During the post-exercise period
the plasma and blood volume gradually returned

TABLE II

Changes in the volume of the blood before, during, and after moderate exertion in abnormal subjects

Change in volume TOWtal
______- -______ ~~Iema-Heo Serum circu- Via- nu

| Conditions |pP_rBloodoCdl-t| gon \ lating oo.- RflOUtoorit910pro- ity Pre-Plasma Bloodl Cadlu

J. C. Rest 3250 5350 2100 39.3 68 221 Sitting, excise conisted of walking
March 30, 1939 Post Ezecise, 2 minute -410 -12.6 -500 -9.4 -90 -4.3 41.5 up and down stair for 7 minute.

18 Yer Post E e, 5 minute -330 -10.2 6.9 202
Post E e, 15 minutes -230 -7.1 -270 -5.1 -40 -1.9 40.5
Post Ex e, 25 minutes -310 -9.5 -390 -7.3 -80 -3.8 40.7 7.1 209 Anorexia nervosa

M. W. Rest 2430 4300 1870 43.5 14.3 6.8 166 4.1 87 Sitting, bicycle ergometer; 327 kgm.
Marh 15, 1938 Exercis, 6 minutes -110 -4.5 -30 -0.7 +80 +4.3 45.7 per minute for 10 minutes.

44 yesrs Ex 10 minute -150 -62 -100 -2.3 +50 +2.7 45.7 15.0 7.4 169 4.3 98
Post E 6 minutes -120 -4.9 -80 -1.9 +40 +2.1 45.1 107
Post Exeis, 25 ninutes -60 -2.5 -70 -1.6 -10 -0.5 44.0 14.6 7.3 173 4.1 89 Chronic alcoholim

P. B. Rest 2620 5090 2470 4&5 17.1 6.9 181 5.3 Stting, bicycl ergome; 396 kgm.
Mareh 26, 1938 Post Exere, 5 minutes -150 -5.7 -170 -3.3 -20 -0.8 49.8 17.7 7.3 180 5.3 per minute for 10 minutes

19 Yem Post Exerise, 26 minutes -5 -0.2 81 17.2 5.4 Rheumatic heart diease, mitral
stenois, and inuffici.

G. H. Rest 3220 5740 2520 43.9 14.7 5.7 184 4.2 68 Sitting, bicycle ergometer; 334 kgm.
Febuary 25,1938 Exere, 6 minutes -260 -8.1 -20 -0.3 +240 +9.5 48.2 per minute for 10 miutes

40 y Ex s 9 minut -340 -10.5 -180 -3.1 +160 +6.3 48.1 16.0 6.4 184 4.9 105
Post Eeri, 7} minute -90 -2.8 85 Rheumatic heart disease, mitral
Post E e, 25 minutel -50 -1.6 -50 -0.9 0 0 44.3 15.0 5.9 187 4.1 63 eoi mitral

fibrillation.

H. C. Rest 2960 5410 2450 45.3 16.0 6.3 187 4.3 97 Sitting, bicycle ergometer; 348 kgm.
March 4, 1938 Exerise, 6 minuts -230 -7.8 -210 -3.9 +20 +0.8 47.5 17.2 4.6 per minute for 10 minutes.

46 years Ex 10 ute -220 -7.4 -190 -3.5 +10 +0.4 47.5 17.2 6.79 186 4.7 183
Post Exercise, 7j minutes -110 -3.7 -100 -1.9 +10 +0.4 45.8 16.8 4.4 Rheumatic heart diseas, mitral
Post Exercise, 25 minutes -90 -3.0 -100 -1.9 -10 -0.4 45.3 16.4 6.89 198 4.5 stenosis, mitral insufficiency, and

aortic inticincy.
A. R. Rest 3430 6210 2780 44.8 15.5 6.3 216 Sitting, exercise onitd of walking

ApriU 27, 1939 Post Eercis, 1 minute -280 -8.2 -150 -2.4 +130 +4.7 48.0 16.8 7.1 224 up and downstairsfor 8} minutes.
55 year Post Eere, 14 minuteB -50 -1.5

-Post E , 27 minutes +30 +0.9 +120 +L9 +90 +3.2 45.3 16.3 6.4 221 Hypertensive heart diseass Lungs
clear. Slght pretibial edema.
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toward the resting values. Cases J. C. and
M. W. showed a more marked failure to regain
the necessary plasma volume level than did most
of the cardiac subjects. Parallel changes were
taking place in regard to serum proteins, hemo-
globin and the viscosity of the blood.

If, on the assumption that the plasma proteins
do not enter or leave the circulating blood during
these procedures, the changes in plasma volume
during the experimental period can be calculated
from the values of the serum proteins, the results
thus obtained are in fairly good accord with those
obtained directly by the dye method, except in 2
cases (C. M. and J. C.). No consistent differ-
ences between the two methods were noted which
could be interpreted to indicate that protein left
and entered the blood stream during or after exer-
cise (Table III).

TABLE III

Comparison of the values observed for the plasma protein with
those calculatedfrom the changes in total plasma volume

Average plasma
protein for

experimental
period Ratio

Observed Conditions
Calculated Calculated

from Cluae

serve changesevdin plasma
volume

A. M. B. 6.7 7.1 0.94 Post Exercise 2 minutes
6.0 5.9 1.02 Post Exercise 28 minutes

C. M.... 6.1 6.1 1.00 Exercise 5 minutes
6.4 5.8 1.10 Exercise 10 minutes
6.1 5.5 1.11 Post Exercise 25 minutes

N. K.... 7.6 7.5 1.01 Exercise 10 minutes
7.6 8.0 0.95 Exercise 16 minutes
7.5 7.7 0.97 Post Exercise 27 minutes

N. K.... 7.0 7.0 1.00 Exercise 12 minutes
6.9 6.7 1.03 Post Exercise 26 minutes

V. D..... 8.1 8.0 1.01 Post Exercise 1 minute
7.3 7.2 1.01 Post Exercise 28 minutes

J. C..... 6.9 7.6 0.91 Post Exercise 5 minutes
7.1 7.5 0.95 Post Exercise 25 minutes

M. W.... 7.4 7.3 1.01 Exercise 10 niinutes
7.3 7.0 1.04 Post Exercise 25 minutes

P. B..... 7.3 7.3 1.00 Post Exercise 5 minutes

G. H..... 6.4 6.4 1.00 Exercise 9 minutes
5.9 5.8 1.02 Post Exercise 25 minutes

H. C..... 6.8 6.8 1.00 Exercise 10 minutes
6.9 6.5 1.06 Post Exercise 25 minutes

A. R..... 7.1 6.9 1.03 Post Exercise 1 minute
6.4 6.2 1.03 Post Exercise 27 minutes

DISCUSSION

These results in general are at variance with
those reported in the literature, except in a few in-

stances where indirect studies of the blood vol-
ume were made (4, 5). The discrepancies in the
results obtained by us and those of previous in-
vestigators arise, we believe, from errors in the
earlier techniques and procedures employed. The
criticisms pointed out by Gregersen, Gibson, and
Stead and others (19, 14) are particularly true
when plasma volumes are estimated within short
intervals and at times when the circulating blood
volume is changing rapidly. In contrast to earlier
methods, the one used in these experiments aptly
lends itself to a study of changes occurring during
experimental procedures. In the first place,
ample time (15 to 20 minutes) is given for the
dye to be completely mixed with the plasma before
variations in its volume are brought about; sec-
ondly, it is not necessary to inject more dye at the
time when the plasma volume is rapidly changing;
and, finally, alterations produced can be followed
both during and after the exercise period.

In contrast to the conflicting results reported in
the literature, the observations presented above
show a consistency in the direction and extent of
changes of the plasma and blood volumes during
and following short periods of moderate exertion
in both normal subjects and individuals with heart
disease. During muscular exertion the plasma
volume diminishes. The decrease is proportional
to the severity of the exercise. The decrease in
the plasma volume is due to the sudden shift of
fluid from the vascular system to the interstitial
fluid and the active muscles. This transfer of
fluid is attributed to the rise in systemic pressure
and the hyperemia of the muscle which results in
a rise of the local and capillary pressure. This in
turn leads to a disturbance in the filtration-absorp-
tion equilibrium of fluids in the capillaries (20).
As the blood passes through the active muscles,
more fluid is forced out into the tissues than can
be immediately absorbed. Some of the fluid
presumably goes into the muscle cells (4, 20, 21).
After cessation of exercise, the process reverses.

Consistent findings were also observed in the
cell volume as a result of exercise. No new cells
were added to the circulation during moderate
exertion in normal individuals. Therefore, it is
evident that the increase in the red blood cells and
hemoglobin during work is due to a concentration
of the blood. Furthermore, these observations
support the view that the increased volume of the
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EFFECT OF EXERCISE ON BLOODVOLUME

blood supplied to the active muscles is brought
about mainly by a redistribution rather than by an
increase in the volume of the circulating blood.
When, however, the amount of work is greater,
depending on the capacity of the subject-whether
normal or with diminished cardiac reserve-then
not only is the plasma volume diminished but also
the cell volume is increased. But even under these
circumstances the diminution in the plasma vol-
ume is always more marked than the increase in
the cell volume (Case V. D.).

There is some evidence to indicate that the
moderate increase in cell volume during exhaus-
tive exercise may be due to the addition of red
cells from the blood reservoirs to the circulation.
In animals there is ample proof that exercise
causes the spleen to contract and discharge cells
into the blood stream (3). It has been shown
that this contraction is mediated through the nerv-
ous system and that either lack of oxygen or an
increased secretion of adrenin may act as the
stimulus. However, in man, the depot function
of the spleen and other organs may be relatively
unimportant, since during exercise, when presum-
ably the reserves are called out, the circulating cell
volume is not greatly increased even when the
exercise is severe. From the experimental data
available it appears that the stimulus for the con-
traction of the blood depots during severe exercise
in man is due to the sympathico-adrenal mecha-
nism rather than lack of oxygen (22). It has
been shown that the subcutaneous administration
of epinephrine is followed by a prompt rise in the
cell volume (23), while lack of oxygen requires a
relatively long time (several hours to days) for it
to become effective in increasing the cell volume
(24). Exhaustive locomotor activity by normal
subjects and moderate activity by individuals with
poor vascular control are probably associated with
emotional excitement, an excellent stimulus for
increased secretion of adrenin (22).

Finally, it must be pointed out that the cell vol-
ume is not measured directly by this method. The
calculations of the blood and cell volumes are
based on the ratio of cells to plasma as drawn
from the antecubital vein. There is sufficient evi-
dence to indicate that the red cells and the plasma
are not thoroughly and uniformly mixed within
the vascular system (25). UIntil more data are
available concerning the alteration that may take

place in the ratio of cells to plasma in various parts
of the vascular system during exercise, one does
not know how much reliance to place upon the
above changes in cell volume.

SUMMARYAND CONCLUSIONS

Determinations of the volume of the blood were
made at rest and variations in this volume were
followed during and after varying grades of exer-
cise in normal subjects and in individuals suffering
with cardiac disease. Additional observations in-
cluded measurements of the blood hemoglobin and
viscosity, serum proteins, and venous pressure.
The results of this investigation lead to the fol-
lowing conclusions:

1. In normal individuals during moderate exer-
tion there is a prompt and definite decrease in the
plasma volume, accompanied by a corresponding
decrease in the blood volume, while the changes in
the cell volume are variable though slight. These
changes are associated with an increase in the
blood hemoglobin and viscosity, the serum pro-
teins and the venous and arterial pressures. Fol-
lowing exercise the plasma volume gradually in-
creases and 25 minutes after exercise the plasma
volume, blood hemoglobin, and serum proteins
reach the pre-exercise values.

2. During exhaustive exercise in normal sub-
jects, there is a further decrease in plasma volume
accompanied by a moderate increase in the cell
volume. Twenty-five minutes after the cessation
of exercise the plasma volume is still diminished
and the blood hemoglobin and serum proteins are
increased.

3. In patients with compensated heart disease,
the changes in the blood volume during and fol-
lowing exercise are similar to those of normal
subjects.

4. The increase in red blood cells and hemo-
globin concentration resulting from exercise is
brought about mainly by passage of protein-poor
fluid from the vascular system into the interstitial
spaces. It is only during severe or exhaustive ex-
ercise that new cells are added to the circulating
blood.
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