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Under certain circumstances, the volume of a
vascular compartment may be estimated by the
indicator dilution technic (1, 2). The method
usually has been applied to measure the "central"
blood volume (CBV). For this, injections of
indicator are made into the right side of the heart,
with sampling from a peripheral artery. The
blood volume thereby measured comprises that of
the heart and lungs and that of an ill defined
systemic component extending out to a boundary
in all vessels temporally equidistant with the sam-
pling site. The latter component accounts for a

large prol)ortioll of the total CBV under resting
conditions, its precise contrihution depending upon
the sampling site clhosen.

Many recent stu(lies (3-8) have shown an in-
crease in the CBV during exercise in man, its
extent depending upon the severity of the exercise
undertaken and the site of both injection and
sampling. However, it has been pointed out by
Lammerant (9) and by Gleason, Bacos, Miller
and McIntosh (10) that the proportion of the
systemic component to the total CBVmay change
with redistribution of systemic flow.

The present studies were undertaken to deter-
mine whether this commonly reported increase in
the CBV during exercise could be explained by
an increase in the volume of its vague systemic
component. If this were so, conclusions could not
be drawn about changes in the volume of blood in
the lungs and heart.

METHODS

The subjects were 7 healthy men, aged 25 to 35 years,
and 1 woman aged 50 years. Studies were performed
after a light breakfast. All of the men were thoroughly
familiar with the procedure.

* This investigation was supported in part by Research
Grant no. H-5883 from the National Institutes of Health,
Bethesda, Md.

t The Mayo Foundation is a part of the Graduate
School of the University of Minnesota.

The first series of observations was made on 4 sub-
jects lying supine, standing, and then exercising with
varying grades of severity on a treadmill inclined at an
angle of 120 from the horizontal. The cardiac output
was measured by the indicator dilution method. A no. 5
Lehman cardiac catheter was introduced into a brachial
vein by percutaneous puncture and advanced until its tip
lay at the lower end of the superior vena cava. The
catheter was kept filled with cardio-green dye,' and suc-
cessive injections of 7.5 mg of the dye were made by dis-
placement. The duration of each injection (0.5 to 1.0
second) was signaled on the record. The right arm was
kept at rest throughout the procedure. Blood was sam-
1)led from the right radial artery at a rate of 30 to 50
ml per minute through a Wood cuvet densitometer and
was reinfused after each curve. Samples of blood were
taken before and after each complete study; known
amounts of dye were added to 10-mIl aliquots and drawn
through the densitometer to obtain calibrations for the
dilution curves. At any given concentration of dye, the
deflection obtained with the latter blood sample was 0 to
6 per cent less than that with the former because of the
persistence of small amounts of background dye in the
blood. Allowance for these minor changes in calibration
were made in calculating the area subtended by each in-
dicator dilution curve.

The mean transit time of the recorded dilution curve
was corrected for delay owing to the sampling system
as follows. By means of the apparatus described by
Fox, Sutterer and Wrood (11), undyed blood followed
by a square wave front of dyed blood was drawn through
the sampling system at a rate similar to that used in the
experiments. The first derivative of the resulting time-
concentration curve was identical in contour with that
which would have been obtained had the sampling sys-
tem been tested with a sudden single inj ection of dye
(11, 12). The mean transit time of this curve was cal-
culated; subtraction from that of the recorded curve gave
the corrected mean transit time between injection and
sampling sites. The CBV was calculated as the product
of cardiac output (milliliters per second) and the "true"
mean transit time (seconds).

In other studies, the cardiac output and the CBV were
measured during leg exercise in the supine position. In
two subjects a blood pressure cuff was applied to the
right arm; this was inflated to a pressure of 250 mm
Hg for 3 minutes while the subject performed leg ex-

'Kindly supplied by Hynson, Westcott and Dunning,
Inc., Baltimore, Md.
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ercise. The pressure then was suddenly released from the obtained under these circumstances with that obtained
cuff and, while the subject continued to exercise, an in- while the subject was performing leg exercise of identi-
dicator dilution curve was obtained from the right radial cal severity in the absence of any interference with blood
artery, being completed within 30 seconds of the release flow to the sampling limb. During this series of ob-
of occlusion. It was thus possible to compare the CBV servations, blood flow in the forearm was measured by a

TABLE I

Cardiac output, mean transit time and "central" blood volume at rest supine, at rest standing, and during
graded exercise on an inclined treadmill *

Mean
Obser- Cardiac Cardiac transit "Central" blood

Subject BSA vation Condition output index time volume

m Mno. L/min L sec ml mi/M2
R.M. 2.10 1 Rest, supine 6.90 3.30 18.85 2,160 1,030

Rest, standing 5.70 2.70 15.90 1,510 720
1.7 mph 14.30 6.80 12.50 2,980 1,420
2.5 mph 20.70 9.85 11.20 3,860 1,840
3.5 mph 25.60 12.20 12.25 5,230 2,490
Standing after exercise 5.20 2.50 14.05 1,210 580

2 Rest, supine 6.45 3.10 20.00 2,150 1,020
Marking time 9.25 4.40 13.50 2,080 990
3.5 mph 20.00 9.50 14.10 4,700 2,240

3 Rest, supine 7.35 3.50 17.15 2,100 1,000
Rest, standing 5.80 2.75 17.50 1,690 800
Marking time, 1 8.00 3.80 15.15 2,020 960
Marking time, 2 12.20 5.80 12.30 2,500 1,190
2.5 mph 15.50 7.40 11.35 2,940 1,400
3.5 mph 20.00 9.50 11.50 3,830 1,820
4.5 mph 22.30 10.60 12.45 4,630 2,200

D.W. 1.91 1 Rest supine 7.15 3.75 15.50 1,850 970
Rest, standing 4.55 2.40 15.75 1,200 630
1.7 mph 14.20 7.40 8.60 2,040 1,060
2.5 mph 17.55 9.20 7.15 2,090 1,090
3.5 mph 20.30 10.60 6.95 2,350 1,230

2 Rest, supine 6.70 3.50 15.15 1,690 880
Rest, standing 4.10 2.15 '18.35 1,250 650
1.7 mph 11.30 5.90 9.60 1,810 940
2.5 mph 16.70 8.75 8.15 2,270 1,190
3.5 mph 16.60 8.70 8.30 2,300 1,200

3 Rest, supine 7.50 3.90 14.95 1,870 980
Rest, standing 3.95 2.05 15.35 1,010 530
Marking time, 1 6.10 3.20 13.70 1,390 730
Marking time, 2 7.15 3.75 11.05 1,320 690
1.7 mph 16.10 8.40 9.20 2,470 1,290
2.5 mph 17.25 9.05 8.35 2,400 1,260
3.5 mph 21.60 11.30 6.70 2,410 1,260

XANT. 1.85 1 Rest, supine 6.55 3.55 19.15 2,090 1,130
Rest, standing 5.70 3.10 16.10 1,530 830
1.7 mph 11.10 6.00 13.40 2,480 1,340
2.5 mph 12.70 6.85 11.20 2,380 1,280
3.5 mph 18.75 10.15 10.70 3,350 1,810
4.5 mph 20.20 10.90 9.00 3,030 1,640
Standing after exercise, 1 5.30 2.85 15.50 1,370 740
Standing after exercise, 2 4.50 2.45 15.55 1,170 630

2 Rest, supine 6.05 3.25 23.15 2,340 1,260
Rest, standing 4.60 2.50 22.50 1,730 930
Marking time 7.35 3.95 18.50 2,270 1,220
3.5 mph 19.20 10.35 11.70 3,740 2,020

D.H. 1.73 1 Rest, supine 6.20 3.60 17.05 1,760 1,020
Rest, standing 4,60 2.65 15.60 1,200 690
1.7 mph 8.80 5.10 11.90 1,750 1,010
2.5 mph 12.50 7.20 8.35 1,680 970
3.5 mph 15.30 8.85 9.45 2,410 1,390
4.5 mph 14.90 8.60 9.50 2,360 1,360

* Nine observations in four subjects.
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modified Whitney mercury-in-rubber strain gage plethys-
mograph (13, 14) both with the arm at rest and im-
mediately after release of arterial occlusion. In a third
subject (J.S.),, needles were inserted into both radial
arteries, and reactive hyperemia was induced alternately
in the two limbs. A fourth subject (W.M.) was kept
cold during the early part of the study, and pronounced
vasoconstriction was present in the hands and arms. Di-
lution curves were obtained at rest and during strenuous
leg exercise in the supine position. The subject then
was warmed by means of blankets and lamps while he
continued to exercise at intervals. One hour later, when
the hands and arms were warm and he was sweating
profusely, dilution curves were obtained during further
periods of strenuous exercise, both under normal cir-
cumstances and after sudden release of arterial occlusion
to the sampling limb.

RESULTS

Obsecrvations during upright exercise. Indicator
dilution curves from Subject R.M., obtained while
resting supine, standing, and then walking up the
inclined treadmill at 1.7 and 3.5 miles per hour,
are shown in Figure 1. Comprehensive results
from all nine studies in the four subjects who
performed exercise in the upright position are

shown in Table I. In the supine position at rest,
the cardiac index averaged 3.54 L, the mean

transit time 17.62 seconds, and the CBV 1,034 ml

REST- SUPINE
R. M.

REST- STANDING (MP.L)

-t t--

FI;G,. 1. INDICATOR DILUTION CURVESOBTAINEID IN R.M.
Ar REST ANI) IITRING EXERCISE. The calibrations are on

the right. The vertical lines with arrow heads indicate
the time of injection. The interrupted horizontal lines
show the duration of the mean transit time, corrected for
delay in the sampling system.

TABLE II

M1ean values and standard deviations for cardiac index,
mean transit time and "central" blood volume *

Mean "Central"
Type of Cardiac transit blood

Condition value index time volume

L sec inJ'1?12
Rest, supine Mean 3.54 17.62 1,034

SD 0.20 2.73 185
Rest, standing Mean 2.54 17.13 722

SI) 0.33 2.33 12 7
Exercise Mean 10.21 9.69 1,652
(3.5 mplh on tread- SD 1.15 2.20 457
mill inclined at
12°)

* Eight observations in four subjects. Studies while standing were
not made during the second observation in Subject R.M.

per m2 of body surface (Table II). During quiet
standing, the cardiac index was reduced to 2.54 L;
the mean transit time also was slightly reduced to
17.13 seconds, with a consequent decrease in the
CBV to 722 ml per M2. During strenuous exer-
cise, the cardiac index was 10.21 L, which was a
fourfold increase over the value obtained during
quiet standing; the mean transit time was reduced
to 9.69 seconds, and the CBV was increased to
1,652 ml per m2, an increase by 129 per cent over
the value obtained during quiet standing.

The large values obtained for the standard de-
viation in the measurements of the mean transit
time and the CBV are caused by the fact that
Subjects R.M. and Y.W. showed considerably less
reduction of the mean transit time during stren-
uous exercise than did D.W. and D.H. This
difference appears to be a real one between in-
dividuals, since similar values were obtained in
successive observations on the same subject. This
is illustrated in Figures 2 and 3, in which results
from the three separate studies on R.M. and D.W.
are shown. Figure 2 shows the line along which
points would lie if the calculated CBV were con-
stant, irrespective of posture or exercise. Points
falling to the left of and below the line indicate a
decrease in the CBV, and points to the right of
and above the line indicate an increase. In R.M.,
at outputs of 12 L per minute and greater, no
further significant reduction of the mean transit
time occurred, whereas D.W. showed a continual
decrease in the mean tralnsit time tup to the max-
imal exercise un(lertakell. Fiogure 3 demonstrates
for each of the two subjects a substantial decrease
in the CBV with assumption of the erect position.
However, the increase in the calculated CBVdur-
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R. M.
o - Supine
* - Stondinq
* - Exercise
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FIG. 2. RELATIONSHIP BETWEENCARDIAC OUTPUT AND MEAN TRANSIT TIME AT REST AND

DURING EXERCISE IN R.M. (LEFT PANEL) AND D.W. (RIGHT PANEL). The continuous lines are
those on which the points would lie if the "central" blood volume remained the same during
standing and during exercise as that at rest in a supine position. Points to the left of and below
the lines correspond to decreases in "central" blood volume, and points to the right of and
above the lines correspond to increases.

ing exercise in R.M. was much greater than
in D.W.

The CBV was measured in two subjects while
they were standing still within 15 minutes of the
end of a series of strenuous exercises on the tread-
mill. Subject Y.W. showed persistent tachy-
cardia, a decrease in arterial blood pressure to
90 mmHg systolic and 60 diastolic, and facial
pallor. The cardiac output in successive determi-
nations was 5.30 and 4.50 L per minute, the stroke
volume 41 and 35 ml, and the CBV 1,370 and
1,170 ml, compared with 1,530 ml in the initial

determiniations with the subject standing prior to
exercise. In R.M., the blood pressure was 70/50,
the cardiac output 5.2 L per minute, the stroke
volume 43 ml and the CBV 1,210 ml, compared
with 1,510 ml in the initial observation.

Obserzvations during supine leg exercise. Fig-
ure 4 shows indicator dilution curves obtained
from the female subject G.J., while she performed
mild leg exercise in the supine position. The first
curve was obtained without any interference with
the circulation in the limb used for sampling. At
this time, the blood flow in the forearm was 3 ml

R. M. D.W.
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FIG. 3. EFFECT OF CHANGESIN POSTUREANDOF EXERCISE ON "CENTRAL,' BLOODVOLUMEIN R.M.
(LEFT PANEL) AND D.W. (RIGHT PANEL).
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LEG EXERCISE
LEG EXERCISE

DURING REACTIVE HYPEREMIA
(. G.J.)

10 seconds

I' I

5mg.

Cordio-green

I~~~~~~~~~~~~~~
I-MTT-

(mg./L.)
_ _ 1 _ _ _ _ j J-_

\

Card"nw

IT.T.J-I- M.

2

4

6

9

RIGHT FOREARM
BLOOD FLOW 3 ml. //00 ml./min. 20 ml./IO0 ml./min.

FIG. 4. INDICATOR DILUTION CURVESOBTAINED WHILE G.J. PERFORMEDMILD LEG EX-

ERCISE IN THE SUPINE POSITION. The curve in the right panel was inscribed just after
release of an arterial occlusion cuff to induce reactive hyperemia in the sampling arm.
Note the effect of this maneuver on the contour of the dilution curve, the mean transit
time and the forearm blood flow.

per 100 ml of forearm per minute. The second
curve was obtained during similar mild leg exer-
cise but immediately after the pressure was re-
leased from an arterial occlusion cuff on the
sampling limb. At the time of inscription of the
dilution curve, the blood flow in the forearm was
20 ml per 100 ml per minute. This resulted in
an earlier appearance time, a higher peak con-
centration, more nearly complete clearing of the
dye between the primary circulation and the first
recirculation, and a reduction of the mean transit
time from 15.3 to 9.2 seconds. The results of this
study are summarized in Table III. At rest, the
CBV was approximately 1,500 ml; during mild
leg exercise, it increased to 2,000 ml, but during
similar mild leg exercise, with an increased blood
flow to the sampliiig limb, it was only 1,100 ml, a

TABLE III

Effect of reactive hyperemia in sampling arm on measurement
of "central" blood volume during supine leg exercise

(Subject G.J.)

Mean "Central" Forearm
Cardiac transit blood blood

Condition output time volume flow

L/min sec inl ini/100
mli/mi

Rest 4.4 19.9 1,460 3.6
Mild exercise 7.9 15.3 2,000 3.0
Rest 4.8 19.1 1,530 3.4
Mild exercise* 7.5 9.2 1,120 20.0

* Output measured during reactive hyperemia after release of arterial
occlusion of the arm used for sampling.

reduction by about 400 ml from the value obtained
at rest.

Figure 5 shows indicator dilution curves ob-
tainedl duriig strenuous leg exercise in the supine
position in J.B. During a period of reactive
hyperemia after release of arterial occlusion, the
forearm blood flow ill the sampling limb was 24
nl per 100 ml per minute, as compared with the
control value of 3 nil per 100 ml per minute. The
cardiac output corresponding to each of these dilu-

RADIAL
-

ARTERY

MtS.

SUPINE EXERCISE J.8
./L .I

1-l- - ATT -- -_

SUPINE EXERCISE - REACTIVE HYPEREMIA

RADIAL
ARTERY

FIG. 5. INDICATOR DILUTION CURVES OBTAINED WHILE
J.B. PERFORMEDSEVERE LEG EXERCISE IN THE SUPINE PO-
SITION. The curve in the bottom panel was inscribed
during a period of reactive hyperemia. Note the reduc-
tion of the mean transit time and the increased steepness
of the disappearance slope.
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T'AMIk IV

Et7cc oj' reactive hyperemia in sampling arm on melasurement
of "central" blood volume and slope volume during supine

leg exercise (Subject J.B.)

Mean "Central" Forearm
Cardiac transit blood Slope blood

Condition output time volume volume flow

L/min sec ml ml inl/100
inl/mi

Rest 7.3 14.2 1,730 280 3.0
Moderate exercise 12.2 14.2 2,890 495 2.8
Moderate exercise* 13.3 8.4 1,860 265 22.6
Severe exercise 15.0 12.5 3,130 590 3.0
Severe exercise* 15.1 7.5 1,890 300 24.0

* Output measured during reactive hlyperemia after release of arterial
occlusion of the arm used for sampling.

tion curves was approximately 15 L. The pro-
nounced effect of reactive hyperemia in the sam-
pling limb on the contours and time components of
the dilution curves is shown in this figure also.
The main features are shortening of the appear-
ance time, increased peak concentration, more
nearly complete clearance of dye between the
primary circulation and the first recirculation,
reduction of the mean transit time, and increased
steepness of the disappearance slope. The data
are summarized in Table IV.

Similar studies were carried out in W.M. (Ta-
ble V). Initially the subject felt cold; there was
severe vasoconstriction of the skin, and the fore-
arm blood flow was 2.2 ml per 100 ml per minute.
The calculated CBV was 2,600 ml; during fairly
strenuous leg exercise it increased to 3,780 ml.
Later, indirect body heating was accomplished by
covering the trunk and lower limbs with blankets
and using infrared lamps. Identical exercise was

TABLE V

Effect of body heating and of reactive hyperemia in sampling
arm on measurement of "central" blood volume during

supine leg exercise (Subject W.M.)

Mean "Central" Forearm
Cardiac transit blood blood

Condition output time volume flow

Limin sec ml ml/100
ml/min

Rest, supine,
subject cold 7.20 21.65 2,600 2.2

Exercise, supine,
subject cold 16.50 13.75 3,780 2.4

Rest, supine,
subject cold 7.20 22.25 2,670 2.4

Exercise, supine,
subject hot 16.45 11.20 3,080 7.0
and sweating

Exercise, supine,
subject hot, 16.00 8.70 2,320 25.0
reactive hyperemia

'TlABLE VI

Jjlcct ol reactive hyperenmia induced alternately in upper
limbs on measurement of "central" blood volume

(Subject J.S.)

"Central" blood
volume

A: B:
SVC* to SVC* to Difference

right left in volume
.Cardiac radial radial between

Condition output artery artery A and B

Limin anl ml ml
Rest 7.6 1,440 1,560 -120
Rest, reactive

hyperemia in 8.5 1,060 1,530 -470
right arm

Rest 7.5 1,300 1,450 -150
Rest, reactive

hyperemia in 7.9 1,350 1,000 +350
left arm

Exercise, reactive
hyperemia in 12.5 1,280 1,800 -520
right arm

Exercise, reactive
hyperemia in 14.1 1,850 1,400 +450
left arm

* SVC=superior vena cava.

performed when the subject was hot and sweating;
the forearm blood flow was 7.0 ml per 100 ml per

minute and the CBVwas 3,080 ml. The exercise
was repeated and a dilution curve was obtained
just after release of an arterial occlusion cuff,
when the blood flow in the forearm was 25.0 ml
per 100 ml per minute; the CBV was 2,320 ml,
which was less than the value obtained under the
original resting conditions.

In J.S. the CBVwas determined simultaneously
at both radial arteries. Under resting conditions
the volumes measured to these two sites were

similar. Reactive hyperemia was induced in each
arm alternately both at rest and during exercise,
the other arm serving as a control. The CBV
always was decreased in the hyperemic limb as

compared with that in the control limb (Table
VI). Under these conditions, changes in the CBV
were due entirely to alterations in peripheral
blood flow.

DISCUSSION

The results of the studies in which the CBVwas

measured at rest supine, at rest standing, and dur-
ing graded exercise on an inclined treadmill are

comparable with those reported by other workers.
With mild exercise, the CBVequaled or exceeded
the value in the resting supine position; it con-

tinued to increase with further increase in the
severity of the exercise (Table II). At a walking
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sp)ee(d of 3.5 niles per hour, when the oxygen
conlstulmlp)tion ranged from 1,000 to 1,260 ml per
m2 per minute, the CBV averaged 2.29 times, and
the cardiac output 4.02 times, the values in the
resting standing position. These values are com-
parable with those reported by Mitchell, Sproule
and Chapman (5), who obtained during strenuous
exercise an increase in cardiac output of 4.24
times, and in the CBV of 2.13 times, the values
at rest. Roncoroni, Aramendia, Gonzailez and
Taquini (6) studied their subjects standing at rest
and performing relatively mild exercise in the
upright position. They noted an increase in car-
diac output from 3.46 to 7.55 L per minute per m2
and in the CBVfrom 940 to 1,520 ml per M2.

In the studies reported here, the extent of the
increase in the CBV during exercise in the up-
right position varied considerably from one subject
to another, although it was relatively constant
from study to study in the same subject (Table I
and Figure 2). In R.M. it reached a value on one
occasion of 5,230 ml, which approached the pre-
dicted total blood volume of 6.56 L. Indeed, had
a peripheral venous site been employed for injec-
tions of indicator, the CBV would have exceeded
the total blood volume. Kaufmaun (3), who
made injections into a brachial vein and recorded
dye dilution curves from an ear oximeter, obtained
values for the CBV equal to those for total blood
volume in two subjects performing relatively mild
exercise, the cardiac output being 13.7 and 13.5 L
per minute, respectively. However, he did not
state how the dilution curves were calibrated.

It is clear from these and other studies (7, 8,
15) that a moderate or pronounced increase occurs
in the CBV during exercise. What is the inter-
pretation of this increase? It could be caused by
an increase in the volume of blood contained in the
heart and lungs, or in that volume situated be-
tween the aortic valve proximally and the sam-
pling site and all other temporally equidistant sites
distally. Lammerant (9) and Gleason and asso-
ciates (10), among others, have shown how
systemic redistribution of blood flow could alter
the geometry of this time-limited volume compo-
nent, thereby leading to the possibility of drawing
erroneous conclusions about changes in the CBV.

The problem could be settled by sampling via
an arterial catheter from the root of the aorta after
central injections. In the dog it is possible to pass

a short, wide-lumen catheter via the carotid artery
to the aortic arch alnid to sample at a rate per-
mitting clearance of the dead space in 0.2 second.
This has permitted measurement of the volume of
blood in the lungs and left side of the heart (16)
at rest and during graded exercise on a treadmill.
Further experience has confirmed our earlier find-
ing (17) that this volume increases only slightly
from rest to strenuous exercise. Figure 6 shows
data obtained from 10 intact dogs. Over the
range of activity at which the studies were made,
the mean increase in cardiac output was about 200
per cent; however, the lung and left heart volume
increased by only 7 per cent. In contrast, when
blood was sampled from a peripheral artery during
similar exercise, a consistent major increase in the
blood volume occurred. This also suggested that
the increase in the CBV demonstrated in humans
should be sought in the systemic rather than in the
cardiopulmonary component of the volume. Evi-
dence that this is so was obtained from our studies
in which the velocity of blood flow in the arm used
for sampling was increased.

In the first of these subjects (G.J.), the CBV
was approximately 1,500 ml while she rested in the
supine position. During mild leg exercise, it in-
creased to 2,000 ml. During a second episode of
comparable exercise, reactive hyperemia was in-

EFFECT OF EXERCISE
ONCARDIAC OUTPUTANDLUNG AND LEFT HEARTBLOODVOLUME

7 r (lODogs)

CARDIAC OUTPUT
(L./min./IO1g.) 5

4

190 _

LUNG ANDLEFT HEARTBiLOOD VOLUM~E 170 _
(ml./Okkg.)

150 _ I I I

Ree 4 a

SPEED (o../p.h.J
Is 14

FIG. 6. CARDIAC OUTPUT (TOP PANEL) AND LUNG AND
LEFT HEART BLOOD VOLUME (BOTTOM PANEL) IN 10 DOGS
STANDINGAT REST AND PERFORMINGGRADEDEXERCISE ON A

TREADMILL.
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duced inl the samphliic, limb, and the CBV was
approximately 1,100 ml, or 400 ml less than the
initial value at rest. Since it is unlikely that the
deflation of a peripheral blood pressure cuff could
have altered the volume of blood in the heart and
lungs, this reduction of 900 ml must have been
caused by alterations in the systemic arterial com-
ponent of the volume. During the first episode of
leg exercise, the velocity of blood flow to the lower
half of the body was increased relative to that to
the right arm; during the second period of exer-
cise, the blood flow to the right arm was increased
sevenfold, and the time taken for blood to reach
the sampling site was reduced by 6 seconds.
Hence, the velocity of blood flow down the sam-
pling limb now exceeded that to the lower half of
the bo(ly. Thus, the former circumstance was
characterized by an expansion and the latter by a
contraction in the time-equivalent boundaries of
the volume.

Similar results were obtained in the other three
subjects in whom the effects of induced changes
in the velocity of blood flow in the sampling limb
were studied. In W.M., body heating increased the
forearm blood flow from 2.4 to 7.0 ml per 100 ml
per minute, and this resulted in a decrease from
3,780 to 3,080 ml in the CBV during successive
periods of comparable leg exercise. In a third
episode of exercise, reactive hyperemia also was
induced in the sampling limb; the forearm blood
flow was now 25.0 ml per 100 ml per minute, and
the CBVwas reduced further to 2,320 ml, or 300
ml less than the initial value when the subject
was at rest.

The remote possibility that the deflation of a
blood pressure cuff might reflexly affect the vol-
ume of blood in the heart and lungs was ruled out
by the observations in J.S. (Table VI). The
CBV was measured simultaneously from both
radial arteries. The observations were made first
with the circulation through each arm undisturbed
and were repeated after induction of reactive
hyperemia alternately in the two arms. On each
occasion, the volume measured to the limb with
increased blood flow was reduced and that meas-
ured to the opposite limb was unchanged. Thus,
the reduction in the former volume was caused by
an alteration in its time-equivalent systemic bound-
aries and not by any change in the cardiopulmo-
nary volume.

Our results confirm and extend the observations
of Gleasoni and associates (10), whio sampled
simultaneously from the brachial and femoral ar-
teries in resting subjects before and after the
release of arterial occlusion cuffs applied to the
legs. This maneuver was accompanied by a con-
sisteiit decrease in the calculated CBV in samples
from the femoral artery and by a slight increase
in samples from the brachial artery. They con-
cluded that alterations in the CBV cannot be
attril)uted to changes in its intrathoracic compo-
nenit unless it can l)e shown that any change in
blood flow occurs uniformly throughout the ar-
terial system, a most unlikely circumstance.

Braunwald and Kelly (8) noted a slight de-
crease in the volume between the superior vena
cava and the brachial artery when the sampling
limb was heated. During leg exercise, the calcu-
lated CBV to the warmed limb was greater than
under control conditions at rest. However, heat-
ing the limb causes only a relatively slight increase
in local blood flow compared with that during
reactive hyperemia (Table V) and especially with
that during strenuous leg exercise (18). Hence,
their findings are still fully consistent with the
interpretation that the demonstrated increase in
the CBVduring leg exercise was largely or wholly
in the "arterial" component.

The conclusions of many previous studies on.
patients wvith heart disease have been based upon
the assumption that changes in CBV indicate
changes in the volume of blood inside the thorax
(19-22). Since an extensive redistribution of
systemic venous and arterial blood flow and blood
volume occurs in patients with heart disease, such
conclusions are invalid. Views that the pulmo-
nary blood volume may act as an important blood
reservoir regulating the cardiac output (23-25)
are based upon studies to which similar criticism
applies. Johnson (23), Lee, Churchill-Davidson,
Miles and de Wardener (26), and Etsten and Li
(27) noted a decrease in CBV during general
anesthesia. However, since the forearm blood
flow during anesthesia increases despite a decrease
in cardiac output (26), a reduction in the arterial
component of the CBVwould be expected. This,
rather than a change in pulmonary blood volume,
could explain these findings. The increase in
CBV during infusion of trimethaphan (Arfonad)
camphorsulfonate, a ganglion-blocking drug (28),
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also could be related to its effects oin the peripheral
rather than the pulmonary circulation.

Thompson, Berry and McIntosh (7) measured
the CBV in patients who were hyperventilating
and also while they were performing leg exercise.
Each procedure doubled the cardiac output. The
CBV increased with leg exercise but not with
hyperventilation, and the conclusion was that the
response of the cardiac output to these two
maneuvers may be brought about by different
mechanisms. An alternative explanation is that
during hyperventilation, as opposed to leg exer-
cise, the velocity of blood flow to the lower part
of the body is unlikely to increase relative to that
through the sampling limb, and hence an increase
in the systemic arterial component of the volume
would not be expected.

In eight observations on four of our subjects, a
mean decrease of 30 per cent occurred in the CBV
on changing from the supine to the standing posi-
tion. This is similar to the decrease of 25 per
cent noted by Weissler, Leonard and Warren
(25). It is indeed probable that the cardiopulmo-
nary component of the volume does diminish but,
since qualitative changes in systemic flow occur
with the change in posture, it cannot be deter-
mined how much of the decrease should be attrib-
uted to the lungs and how much to changes in the
"arterial" volume. In the absence of more precise
data, statements such as "on standing from the
supine position about one-quarter of the blood in
the lungs goes into the legs" (29) are best avoided.

Thus it is clear that, when either the injection
site or the sampling site is peripheral, any maneu-
ver that causes redistribution of systemic blood
flow, such as exercise, change of posture or general
anesthesia, will be associated with a change in the
calculated CBV. Attempts to equate this change
quantitatively or even qualitatively with a change
in the volume of blood in the lung vessels are,
however, fraught with hazard.

Much of the confusion has arisen from attempts
to think of the CBV as a conventional three-
dimensional volume. Its limits, however, do not
conform to any fixed anatomic boundary but are
determined by equivalence in a fourth dimension,
name]) time. The elusive nature of such a volume
is attested to by the number of synonyms that have
been used, including the intrathoracic volume, the
cardlioptilmoliary volume aiid the needle-to-needle I

volume, none of which is satisfactory. From these
considerations, it is difficult to justify any further
studies on such a nebulous entity as the CBV as
it usually has been measured.

McGaff, Jose and Milnor (30), and Dock and
co-workers (31) recently attempted to measure
the pulmonary blood volume in man by making
successive or simultaneous injections into the pul-
monary artery, sampling from a common periph-
eral site, and subtracting the volumes calculated
from the corresponding dilution curves. This
technic avoids fallacies from changes in the sys-
temic component of the volume. However, the
left atrium may be a poor mixing chamber, partic-
ularly in patients with rheumatic heart disease.
Sampling from the aortic root after injections into
the pulmonary artery also avoids fallacies and
fulfills the criteria for good mixing at both injec-
tion and sampling sites (32). This method has
been used in animals (17), but it also has a
disadvantage in that the combined blood volume
of the lungs and left heart chambers is measured.

Newman, Pearce, and associates (33, 34), de-
veloped the concept that the "slope volume," which
is calculated from the product of the cardiac output
and the rate of declining concentration of indicator
in the disappearance phase of the dilution curve, is
related to a pulmonary mixing volume. Recently,
a more guarded definition of the slope volume has
been used (35). It appeared possible that calcula-
tion of the slope volume might aid in the interpre-
tation of changes in the pulmonary blood volume
occurring during exercise. However, it became
clear that the slope volume, like the CBV, was
greatly influenced by the systemic redistribution of
blood flow. In Subject J.B. (Table IV), the slope
volume during strenuous leg exercise was 590 ml.
During an identical episode of exercise, reactive
hyperemia was induced in the sampling arm. The
cardiac output was unchanged, but the disappear-
ance slope was twice as steep; thus, the slope
volume was reduced to 300 ml. This, together
with similar although less pronounced findings in
other subjects, is evidence that the slope volume
is affected by linear dispersal of the indicator in
peripheral vessels, supporting our recent conclu-
sion from animal studies (36) that the slope vol-
nine does not reflect changes in the pulmonary
bloood volume either quantitatively or qualitatively.
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SUMMARY

The "central" blood volume (CBV) was meas-
ured in four subjects at rest supine, standing, and
during exercise on an inclined treadmill. Injec-
tions of indicator were made into the superior
vena cava, and dilution curves were obtained from
the radial artery. Mean values for the CBVwere
1,034 ml per m2 at rest supine, 722 ml per m2
while standing, and 1,652 ml per m2 during walk-
ing at 3.5 miles per hour.

In four further subjects, the CBVwas increased
during the performance of leg exercise in the
supine position. Such exercise is associated with
an increased flow of blood to the lower limbs.
When the rate of blood flow to the arm used for
sampling also was increased by sudden release of
pressure from an arterial occlusion cuff, a great
decrease in the CBV occurred, the values ap-
proaching, or even falling below, those obtained
under the initial resting conditions. Thus, the
increase in the CBV during exercise is partly or
wholly caused by an increase in its systemic "ar-
terial" component, in consequence of relative
changes in the rates of blood flow to different
regions.

Failure to appreciate the significance of such
hemodynamic changes, during exercise, change of
posture and general anesthesia, has led in the past
to unwarranted conclusions about changes in pul-
monary blood volume, the reservoir function of the
lungs, and the interdependence of pulmonary blood
volume and cardiac output. It is difficult to see
how any valid information about the pulmonary
blood volume can be obtained from measurement
of the CBV when a peripheral sampling site
is used.

Evidence has been obtained that the "slope
volume" is influenced by linear dispersal of indi-
cator in peripheral arteries. Thus, this volume no
longer can be held to reflect either quantitatively
or qualitatively the volume of any single compo-
nent of the central circulation, such as the lungs.
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