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The results of simultaneous measurements of
the volume of distribution of carbon monoxide
and that of Evans blue dye (T1824), in normal
man and in normal and splenectomized dogs,
have been reported elsewhere (1). It was found
that, although measurements of the blood vol-
ume by the 2 methods were frequently nu-
merically equivalent, occasionally either carbon
monoxide or dye might measure a larger space.
On the average, the results with the 2 methods
were very nearly the same, in spite of these oc-
casional variations. In the present study, the
same method of investigation has been applied
to pathological subjects. Studies, both of pa-
tients and of dogs, have been carried out. The
human subjects consisted of hospitalized patients
with various disorders, affecting either the state
of the vascular system or the chemical constitu-
tion of the body fluids. The dogs were first
studied in their normal state, and again after
being subjected to various procedures likely to
affect the vascular system. These experimental
procedures included traumatic shock, salt and
water depletion, hemorrhage, adrenal insuffi-
ciency, and the injection of epinephrine. The
extent to which the normal relationship existing
between the results obtained by the 2 methods
persisted in pathological states could thus be de-
termined. Furthermore, in the dog experiments,
the reliability of these 2 methods as relative
measures of blood volume could to some extent
be determined. The results could also be com-
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2 Alexander Brown Coxe Fellow, 1941-1942, and Amer-
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pared in this respect with parallel estimations of
changes in blood volume calculated from changes
in concentration of serum protein and from
changes in the fraction of cells in whole blood as
determined by the hematocrit.

METHODS

The methods have for the most part been described else-
where (1, 2). The details of the technic of simultaneous
measurements with dye 4and with carbon monoxide, of the
handling of blood, of hematocrit determinations, and of the
general procedure were the same as in the previous study
(1). Serum protein concentrations were determined by
the macro-Kjeldahl technic (3). The formulae used for
calculating plasma volume changes from changes in serum
protein concentration and from changes in relative cell
volume are as follows:

(1)
and

PV2 SP,
PV, SP2

PV2 (1 - Hkt2)(Hkti)
(2) -= --___

PV, (1- Hkti)(Hkt2)
where PVi = initial plasma volume

PV2 = subsequent plasma volume
SP, = initial serum protein
SP2 = subsequent serum protein

Hkt, = initial fraction of cells in whole blood
Hkt, = subsequent fraction of cells in whole blood

Procedue in shock due to ligature
In the shock experiments, a preliminary blood volume

study was done with or without the use of "Dial" anes-
thesia (0.6 cc. per kgm. body weight). Frequently, addi-
tional control blood volume studies were done, including
one under anesthesia just before the induction of shock,
with a tracheal cannula in place for the administration of
carbon monoxide. To produce shock, a hind leg was tightly
ligated with rubber tubing. The following morning, 8 to
12 hours later, the rubber tubing was removed. Two to

4 Blue dye T-1824 furnished by the Warner Institute of
Therapeutic Research, New York.
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3 hours after removal of the tourniquet, when the hind
extremity had become edematous and when signs of shock
were well developed, the blood volume was again deter-
mined. Subsequent blood volume and blood chemical
determinations were done in some experiments (Table II).
At death, the 2 hind legs were removed and the difference
in weight between the edematous and the normal limb
determined.

"Dial" anesthesia has a marked effect upon the spleen
and upon the distribution of red cells in the circulation
(4, 5). Since, however, "Dial" was administered before
the control period and its action persisted during subse-
quent periods, these effects were present at all times, and
hence could not have been responsible for the observed
changes in blood volume. This conclusion was confirmed
in certain experiments in which splenectomized animals
under "Dial" anesthesia were used for shock studies.
These animals behaved as did other shocked animals with
respect to blood volume changes.

Procedure in salt and water depletion experiments

Control studies followed by studies under various condi-
tions of depletion were made as indicated in Table III.
One dog (22B), dehydrated by deprivation of water and
food, was also depleted of salt by the withdrawal of peri-
toneal fluid some hours after the intraperitoneal injection
of a 5 per cent glucose solution (6). In one normal dog
(26A), peritoneal fluid was withdrawn a few hours after
the injection of 10 per cent urea dissolved in the 5 per cent
glucose solution. This resulted eventually in a large
depletion of water, as well as of salt, since the absorbed
urea provoked a copious diuresis. Two dogs (25A, 26B)
served as controls for this procedure. They received no
urea in the 5 per cent glucose solution, so that salt deple-
tion alone resulted. Finally, 2 dogs (25B, 29), initially
dehydrated by prolonged withdrawal of food and water,
subsequently received repeated intraperitoneal injections
of a 5 per cent sodium chloride solution. Certain data
from these last 2 experiments have been published else-
where (11).

Procedure for studies after adrenalectomy
The dog used in this study had been adrenalectomized

2 weeks previous to the time experiments were begun and
in the interval had been adequately maintained on salt,
cortin, and desoxycorticosterone. Simultaneous measure-
ments were then made both when the animal was ade-
quately maintained on drug therapy, and again after with-
drawal of therapy, as indicated in Table IV. In these
experiments, as in the hemorrhage experiments, residual
carbon monoxide in the lung-bag system was not de-
termined, a constant correction factor being used. Simi-
larly, the mask for administering carbon monoxide was
not sealed with petrolatum. Sulfocyanate space was
measured by the method of Elkinton and Taffel (7).

Procedure in hemorrhage experiments
A single animal was used. Several control blood vol-

umes were first done. The animal was then bled 200 to

400 cc. daily on 2 or 3 successive days. After an interval
of 24 to 72 hours following the last hemorrhage, another
blood volume study with both methods was made. Be-
tween blood volume studies, the animal was well fed.
The usual 12- to 18-hour fast, however, preceded all blood
volume measurements. In these studies, residual carbon
monoxide in the lung-bag space was not determined. In-
stead, an arbitrary constant correction was made. Also,
in these studies, the mask for administering carbon mon-
oxide was not sealed around the dog's muzzle with petrola-
tum. Failure to observe this precaution may have re-
sulted in loss of carbon monoxide from the mask in certain
of the studies.

Procedure in experiments in which epinephrine was used

To study the vascular effects of epinephrine upon simul-
taneous carbon monoxide and dye measurements, control
blood volume studies were done in the usual way. Im-
mediately after taking the final blood samples for the
control study, and with the mask in place so that the ani-
mal remained in equilibrium with the carbon monoxide,
1 cc. of 1:1000 epinephrine was given rapidly intravenously.
No further injection of dye was made. During the follow-
ing 2j to 10 minutes, 1 or 2 blood samples were taken for
the simultaneous measurement of carbon monoxide and of
dye concentrations and for hematocrit and serum protein
studies. Dye measurements are omitted since it was not
possible to distinguish quantitatively between the effects
on concentration of dye in serum of continuing dye loss
and those due to alterations in plasma volume induced by
epinephrine.

RESULTS

In patients uwth various clinical conditions
In Table I are presented the results of 22

studies in 11 patients in whom measurements
were made simultaneously with carbon monoxide
and T1824. These hospitalized subjects suffered
from various diseases, indicated in Table I.
With such a variety of diagnoses, and with vari-
ous stages and varieties of these diseases repre-
sented, mean values for the group must be in-
terpreted even more cautiously than were those
in a corresponding normal group (1). The ratios
of blood volume measurements by the 2 methods
are calculated in the final column of Table I.
Only 6 of the 22 ratios fall between 0.95 and 1.05,
the range of probable equality, and only 9 be-
tween 0.90 and 1.10, the extreme range of possible
equality (1). Of the remaining 13 ratios, 12
exceed 1.10 while only 1 falls below 0.90. The
measurements by the dye method therefore ex-
ceed those by the monoxide method in more than
half the cases, and give virtually the same results
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TABLE I

Simultaneous measurements of blood volume with a carbon monoxide method and with a dye (T1824)
method in patients with various diseases

Blood volume

Body Serum Reative 1 2Subject Sex Diagnosis Date wight Height protei cell Ratio 2:1
poenvolume

co Dye
method method

1942 kgm. cm. grams per cent CC. CC.per cent
S.B. M Acute nephritis Apr. 22 56.0 173 6.33 47.0 4380 4960 1.13

? hydronephrosis May 27 55.0 173 7.46 51.0 3965 4490 1.13
July 1 52.4 173 6.53 38.6 3950 3900 0.99

D.A. F Mercury poisoning, mild May 13 55.5 158 7.47 36.1 3930 4730 1.20
May 25 50.0 158 7.11 38.6 3675 4110 1.12

G.H. M Addison's disease treated July 6 57.0 5.62 32.2 5185 5375 1.04
July 8 56.1 6.11 29.5 4690 5118 1.09
July 13 57.1 5.75 28.9 5930 5438 0.92

S.M. F Addison's disease treated Oct. 16 63.0 156 7.12 38.5 3900 3300 0.85
Oct. 30 63.0 156 5.69 34.2 3870 3585 0.93

H.S. F Hyperthyroidism, before and Apr. 10 48.0 158 7.02 46.0 3475 3980 1.15
after operation Apr. 29 48.0 158 7.32 32.6 3605 3450 0.96

F.C. F Hyperthyroidism, before and June 8 88.0 6.87 49.0 5350 6170 1.15
after operation June 25 88.0 6.43 48.3 5000 6140 1.23

M.M. F Hyperthyroidism, before and June 10 59.0 155 6.72 45.7 3330 3820 1.15
after operation June 24 59.0 155 6.28 38.8 3500 3490 1.00

H.R. F Portal cirrhosis May 20 50.4 6.42 54.3 3910 5690 1.46
N.C. M Portal cirrhosis May 1 69.7 5.05 34.4 6340 6560 1.04
B.L. M Cardiac decompensation at Apr. 15 62.0 4.88 39.2 5150 5940 1.15

different stages of recovery Apr. 27 54.4 5.61 37.9 5245 5340 1.02
May 8 57.0 5.41 35.5 4800 5970 1.24

H.E. M Lymphogranuloma inguinale Apr. 24 69.1 7.98 47.9 4080 5780 1.42

in most of the remaining ones. Correlation of
the ratios with clinical diagnosis cannot be at-
tempted because there are too few cases of any
one type.

In shock due to ligature in normal and splenecto-
mized dogs

The results of these experiments are presented
in Table II. Nine dogs were used in these ex-
periments, 5 of which were normal and 4 splenec-
tomized. Twenty-five simultaneous determina-
tions of the blood volume were done. As indi-
cated by both methods, blood volume regularly
decreased following the establishment of shock.
In 1 instance only (experiment 1), the dye method
remained unchanged, and even here the monox-
ide method recorded a decline. The magnitude
of this decrease was greater by the monoxide than
by the dye method in about half the experiments,
and was of about the same degree in the re-
mainder. This is indicated by the behavior of
the ratios between the 2 measurements, recorded
in the final column. During shock, dye T1824
frequently measures a much larger volume than

does carbon monoxide, the magnitude of some of
the ratios greatly exceeding those ever found in
normal circumstances. The differences between
the behavior of the measurements in different
experiments may be related to the fact that the
intensity and duration of shock varied consider-
ably from experiment to experiment.

The decline in blood volume occurred mainly
at the expense of the plasma fraction. This was
to be expected from the nature of the experi-
mental procedure, which causes a transudation
of fluid containing plasma, but few erythrocytes,
into the tissues of the ligated limb immediately
on removal of the ligature (8). Little change in
total cell volume should therefore be recorded by
a reliable measurement of blood volume; a small
decrease only might be expected as the result of
removal of blood for analytical purposes. The
total cell volumes measured by each of the 2
methods are presented in Table II. The ex-
pected result-no essential change or a slight
decrease-was found in about half the experi-
ments. In the remaining experiments, the dye
method recorded an increase 3 times and a sharp
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decrease only once, while the monoxide method
recorded an increase once and a striking decrease
3 times. These results suggest that, on occasion,
both methods are quite unreliable, but they tend
to err in opposite directions. The monoxide
method sometimes may give lower than usual
values for the blood volume in this type of shock,
while the dye method may give values higher
than usual.

In dehydrated animals with and without salt de-
pletion

In Table III are presented the results in 6
experiments in which water or salt content of
the body had been altered. Acute salt depletion
of sufficient severity will induce cardiovascular
collapse, secondary shock, and death (9). This

procedure was carried out 5 times in 4 experi-
ments (22B, 25A, 26A, 26B). The monoxide
method indicated a fall in blood volume in every
case in which it was carried out, while the dye
method indicated a fall only 2 times out of S.
There was, therefore, a dissociation between the
results by the 2 methods in the remaining 3 in-
stances, and the ratio between them rose. Sim-
ple water deprivation results in loss of body
water from all compartments (10), and might be
expected to reduce blood volume if it altered it
at all. In the 3 experiments with prolonged
water deprivation (22B, 25B, and 29), blood vol-
ume as measured by both methods did consis-
tently decline. Water deprivation combined
with injection of hypertonic saline, on the other
hand, tends to maintain or expand the volume of

ILE II

Simultaneous measurements of blood volume of dogs with a carbon monoxide method and with a dye (T1824) method, before
and during secondary shock, induced by release of a ligature constricting the thigh

Cell volume Blood volume

Gain in Body Serum elltv
Dogt Date Condition weight wght protein elae 1 Ratio 2:1

of leg wegtpoenvolume co Dye
method method CO Dye

method method

1943 grams kgm. pgraims per cent cc. cc. cc. cc.per cent
1 Jan. 14 (a.m.) t Control 8.0 5.80 61.5* 294 371 478 613 1.28

Jan. 14 (p.m.) I Shock 5.51 61.2 217 378 355 618 1.74
2 Jan. 25 Control 28.1 7.79 49.5 1163 1312 2350 2650 1.13

Jan. 26t Shock 670 7.52 65.2 1180 1258 1810 1930 1.07
3 Feb. 1 Control 8.3 4.64 35.0 412 333 1175 950 0.81

Feb. 2t Shock 130 52.4 372 392 710 748 1.05
4 Feb. 10 Control 10.0 5.12 47.7 604 1265 1145 0.91

Feb. 11 Shock 65.4 374 572
Feb. 12t Shock 5.62 57.1 483 845

5 March 1t Control 8.8 56.7 595 544 1050 960 0.91
March 2 (a.m.): Shock 70.9 428 490 605 692 1.14
March 2 (p.m.)t Shock 270 70.9 321 512 453 722 1.59

S100 March 17 Control 9.3 31.2 267 261 854 837 0.98
March 29 Control 9.5 29.5 236 269 800 912 1.14
April 7t Control 5.65 33.1* 278 840
April 8t Shock 420 5.23 46.1* 321 352 696 764 1.10

S101 April 15 Control 6.8 5.01 38.0 213 219 560 576 1.03
April 22$ Shock 50 7.0 5.31 43.8 187 200 427 457 1.07

S102 April 15 Control 6.3 4.97 38.4 259 251 675 654 0.97
April 29t Control 6.7 5.35 28.1 163 188 579 670 1.16
April 30 (a.m.)t Shock 5.72 26.9 144 129 534 479 0.90
April 30 (p.m.)t Shock 5.48 24.0 115 137 480 572 1.19
May 1 (a.m.) I Shock 5.80 22.5 112 500
May 1 (p.m.)A Shock 100 5.96 20,0 Ito 505

S103 May 6 Control 17.2 5.95 40.8 536 569 1315 1395 1.06
May 12t Control 5.83 41.3 580 657 1405 1590 1.13
May 13 (a.m.) t Shock 5.97 50.0 503 558 1005 1115 1.11
May 13 (p.m.) t Shock 5.92 50.0 448 756 896 1510 1.69
May 14 (a.m. t Shock 5.77 44.3 382 558 863 1260 1.46
May 14 (p.m.)t Shock 225 39.3

* Venous instead of arterial blood used.
t Letter "5" refers to splenectomized dogs.

t Anesthetized with Dial and tracheal cannula in place.
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the extracellular fluid at the expense of the intra-
cellular (11). Blood volume might therefore be
expected to increase, at least for a time. In the
2 experiments bearing on this point (experiments
25B and 29), the monoxide method indicated an

increase in one and no change in the other. In
the single experiment in which dye measurements
were made, there was a moderate decrease of
blood volume, not indicated by the simultaneous
monoxide method.

Taking the results of these experiments all to-
gether, it appears that, in most instances, both
methods tend to confirm one another, and indi-
cate changes in the direction to be predicted on

physiological grounds. The single important ex-

ception is the failure of the dye method to record
any decline in blood volume in certain instances
of shock due to acute salt depletion (22B, 25A),
in which there is much reason to believe that

some decline occurred. Because changes in
plasma salt concentration such as were produced
in these experiments radically affect relative cell
volume without necessarily altering the blood
volume, calculations of total cell mass by the 2
methods are of little value in assessing the rela-
tive soundness of the 2 methods, and so have
been omitted.

In the adrenakectomized animal

Simultaneous measurements after adrenalec-
tomy (Table IV) are characterized for the most
part by failure of the 2 methods to agree, the
ratios varying from 0.75 to 1.54 without evident
relation to the clinical state. In the studies of
May 18 ,and of July 16, when treatment of
adrenal cortical insufficiency was definitely in-

adequate, as indicated by the contraction of the
sulfocyanate space, both methods indicated lower

TABLE III

Simultaneous measurements of blood volume by a carbon monoxide method and by a dye (T1824) method, in dogs subjected
to water and salt depletion and in dogs receiving injections of hypertonic saline

Blood volume

Dog| Date Procedure Body Serum celai 1 2 Ratio2:1weight protein volume

co Dye
method method

1943 kgm. Pgra mcs per cenxt cc. cc.

22B Jan. 7 (a.m.) Normal control 14.6 5.08* 57.1* 1590 1330 0.89
Jan. 7 (p.m.) After acute salt depletion 14.5 6.17* 61.3* 1405
Jan. 9 Continued water deprivation 13.2 6.42* 56.8* 1200 1350 1.12
Jan. 11 Continued water deprivation 12.4 6.72* 59.9* 1390 1150 0.83
Jan. 12 Continued water deprivation, fur- 12.2 7.09* 54.6* 1250 1122 0.90

ther salt depletion
Jan. 15 Continued water deprivation 11.2 6.57* 51.8* 1120 860 0.77

25A Feb. 9 (a.m.) Normal control 8.5 6.15 44.4 965 979 1.01
Feb. 9 (p.m.) After acute salt depletion 8.4 7.08 49.7 842 1020 1.21
Feb. 10 Water by mouth without salt resto- 8.2 6.03 41.8 792 928 1.17

ration
25B Feb. 24 Normal control 8.5 5.86 41.3 890 934 1.05

March 4 Water deprivation since Feb. 24 7.0 6.83 47.4 700
March 6 Hypertonic saline; water deprivation 6.6 6.08 42.8 633
March 8 Hypertonic saline; water deprivation 6.3 5.44 31.0 873

26A Feb. 5 (a.m.) Normal control 9.3 4.59 35.0 t 921
Feb. 5 (p.m.) After acute salt depletion 8.8 5.78 44.4 770 746 0.97
Feb. 6 After salt and water depletion 8.0 5.19 32.3 746 776 1.04

26B Feb. 15 (a.m.) Normal control 8.5 4.74 32.0 950 800 0.84
Feb. 15 (p.m.) After acute salt depletion 8.1 5.84 37.5 524 670 1.28

29 Feb. 24 Normal control 7.9 5.67 45.4 884 828 0.94
March 4 Water deprivation since Feb. 24 6.5 5.75 46.6 660 700 1.06
March 6 Hypertonic saline; water deprivation 6.1 5.43 38.7 685 619 0.90
March 8 Hypertonic saline; water deprivation 5.7 5.31 34.8 611 617 1.01
March 10 Hypertonic saline; water deprivation 5.3 5.04 25.2 538

* Venous instead of arterial sample used.
t See control studies of same animal under 26B, Feb. 15.
t Numbers refer to individual dogs, letters to individual experiments on the same dog.
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TABLE IV

Simultaneous measurements of blood volume by a carbon monoxide and by a dye (T1824) method of blood volume in an
adrenalectomized dog, treated with varying amounts of DOCAand of cortical extract

Blood volume

Relative
Date Body Status of treatment* SCN Serum cell 1 2 Ratio 2 :1weight space protein volume, _______

venous
CO Dye

method method

1942 kgm. cc. grams per cent cc. cc.PCT cent
May 18 9.1 Adequate treatment with a little cortin 2560 7.54 51.4 567 632 1.11

28 9.8 Well treated with cortin and DOCA 2960 5.88 31.0 945 713 0.75
June 3 9.6 Well treated with cortin and DOCA 5.53 38.5 977 762 0.78

11 (a.m.) 10.0 Well treated with cortin alone 3120 5.56 38.2 824
11 (p.m.) 10.0 Well treated with cortin alone 32.0 794
18 10.7 Well treated with DOCAalone 3270 5.94 41.2 705 847 1.20

July 10 9.4 Just maintained on cortin and DOCA 2900 5.73 50.4 724 1112 1.54
16 9.0 No cortin or DOCAsince July 10 2010 6.83 58.6 734 604 0.82
24 9.9 Well treated with DOCAalone 3160 5.26 29.5 636 750 1.18

* DOCAmeans desoxycorticosterone acetate.

blood volumes than they did during studies in
which treatment was more adequate. The de-
cline was mainly at the expense of the plasma
volume. Measurements of both methods there-
fore indicated correctly the decline in the plasma
volume which almost certainly accompanies in-
adequate treatment (12), being much lowered
when treatment was discontinued or insufficient.
The technical difficulties in using carbon monox-

ide, mentioned in experiments with hemorrhage,

are present in this study as well, and may account
for some of the variability in the ratios.

In hemorrhage experiments

In Table V are presented the pertinent data
from experiments done following repeated hemor-
rhages. Internal evidence, in the form of agree-

ment between most successive determinations
and between carbon monoxide and T1824 meas-

urements, suggests that, in spite of the occasional

TABLE V

Simultaneous measurements of blood volume by a carbon monoxide method and by a dye (T1824) method in a dog
subjected to repeated hemorrhages

Cell volume Blood volume

Body Amount of blood Relative cell
Date weight lost since pr- volume, 1 2 Ratio 2:1weight cedng study venous COmethod Dye method'

COmethod Dye method

1942 kgm. cc. per cent cc. cc. cc. cc.
May 8 21.0 0 36.0 732 887 2030 2460 1.21

14 20.6 0 36.9 746 844 2020 2285 1.13
29 20.7 0 46.4 1000 1110 2150 2395 1.12

June 12 21.5 0 43.4 990 929 2280 2140 0.94
17 21.2 600 38.0 831 791 2185 2080 0.95
22 22.2 500 35.2 795 722 2260 2050 0.91
26 20.7 900 26.1 625 495 2395 1895 0.79
29 20.9 300 29.0 693 591 2385 2035 0.85

July 3 960 24.8 567 753 2285 3035 1.33
9 20.4 740 27.3 585 486 2142 1780 0.83

13 19.9 1285 18.9 487 2580
17 1115 23.0 556 437 2415 1900 0.79
22 18.4 1335 15.1 420 259 2780 1715 0.62
27 19.4 0 23.2 561 483 2420 2080 0.86

Aug. 3 20.9 0 39.4 955 2230 2420 5660 2.34
25 20.5 0 55.2 1223 2520 2215 3550 1.60
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technical difficulties (see section above on Meth-
ods), most of these blood volume determinations
are not unsatisfactory. Excluding the 2 final
figures for blood volume by the dye method,
which are manifestly incorrect, a mean blood
volume of 2310 cc. is obtained by the carbon
monoxide method and of 2142 cc. by the dye
method, a reasonable correspondence. Of inter-
est are certain determinations which vary widely
from the above means and from each other. In
one instance, the blood volume determined with
carbon monoxide was 2730 cc.; that by the dye,
done at the same time, was 1715 cc. In another
instance, the dye gave a volume of 5660 cc., a

ridiculously high figure. Wehave no reason for
believing that these aberrant values actually
represent blood volume changes, nor, in the case

of dye measurements, that they are due to faulty
technic, because usually, in this animal and in
normal animals (1), we obtained reasonable val-
ues at other times, using the same technic. In
the case of the carbon monoxide measurements,
since residual carbon monoxide was not meas-

ured, the high values obtained by this method
could result from insufficient correction for this
residuum. A leak in the carbon monoxide ad-
ministering system, due to failure to seal the
mask with petrolatum, may also well have played
a r6le. In the case of the dye, very high and very

low values can be explained only by unusual dis-
tribution or disposition of the dye. The dye did
not disappear with unusual rapidity in experi-
ments with either very low or very high plasma
volumes. Had extrapolated rather than 10-
minute values been used in calculating blood
volume by the dye method, these abnormal val-
ues for blood volume would therefore still have
persisted.

Simulkaneous measurements after intravenous epi-
nephrine

As indicated under the section on methods,
technical difficulties prevent a comparison of
carbon monoxide and dye measurements before
and immediately after giving epinephrine. In
Table VI are summarized experiments showing
the effect of epinephrine. In the majority, both
of normal and of splenectomized animals, the car-

bon monoxide method indicates that no change
of blood volume was produced by epinephrine.

TABLE VI

Measurements of blood volume in normal and in splenecto-
mised dogs before and after the intravenous injection of

epinephrine, using the carbon monoxide method

Time after Serum Relative Blood
Dog* Date epine- protein cell volume,

phrine concen- volume, co
tration arterial method

1943 minutes grams per cent cc.per cent
2 Jan. 25 0 49.5 2350

2 52.3 2220
3 Feb. 1 0 4.64 35.0 1175

3 4.47 39.1 1173
6 Feb. 17 0 40.7 719

2 39.8 726
7 Feb. 24 0 59.0 1220

3.5 68.0 1183
5 Mar. 1 0 57.6 1050

5 62.0 859
S100 Mar. 17 0 30.1 854

2.8 30.7 836
10.3 30.0 858

S100 Mar. 29 0 29.5 800
3 30.2 848
7.5 29.4 973

S10 Apr. 15 0 5.01 38.0 560
3 4.84 34.0 618

S102 Apr. 15 0 4.97 38.4 675
6.5 4.84 34.2 665

S102 Apr. 29 0 5.35 28.1 579
4.5 5.60 29.7 560

S103 May 6 0 5.95 40.8 1315
5 5.71 40.1 1460

S103 May 12 0 5.83 41.3 1405
4 5.79 43.2 1248

* Numbers are the same as those of Table II, "S" refers
to splenectomized dogs.

At times, however, there was a small apparent
increase, and at other times, an apparent de-
crease. Whether these apparent changes repre-
sent true changes is questionable, since they may
simply result from faulty sampling of the average
relative cell volume due to dynamic changes
caused by epinephrine.

Comparison of the changes in plasma volume, as
determined by carbon monoxide and by T1824,
with those calcukated from relative cell volume and
from serum protein changes
In Figures 1, 2A, 2B, 2C, and 2D, are 5 correla-

tion charts based on data in the preceding tables.
Plasma volume changes by dye method and by
carbon monoxide method have beeft calculated
from the blood volume figures, and expressed in
terms of percentage of initial values. Changes
in plasma volume for the same experiment have
been calculated from changes in concentration of
serum protein and of relative cell volume, accord-
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ing to the procedures outlined under Methods.
If the 2 methods compared give the same results,
points will fall along the diagonal axis; con-
versely, the distance of points from the axis
measures the discrepancy between the results by
the 2 methods. Points falling in the upper left
or lower right-hand quadrants indicate an inverse
correlation.

Plasma volume changes by the monoxide and
dye methods are fairly well correlated in a quali-
tative sense (Figure 1). There are 3 points lying
on the abscissa, 2 of them corresponding to those
experiments with acute salt depletion in which
the monoxide indicated a decline in blood volume
but the dye did not. With these exceptions,
both methods regularly indicated a change in the
same direction. Quantitatively, the correlation
is not satisfactory, since points are widely
scattered on both sides of the diagonal line.
More points are above than below the diagonal,
indicating that in a majority of cases the dye
method indicated less of a change than did the
monoxide method.

Changes in plasma volume as measured by
change in plasma protein concentration are com-
pared with simultaneous measurements of change
in plasma volume by the dye and monoxide
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FIG. 1. RELATIVE PLASMA VOLUME. INDIVIDUAL
SIMULTANEOUSMEASUREMENTSOF CHANGEIN PLASMA
VOLUMEBY THE DYEMETHODANDBY THE CARBONMON-
OXIDE METHOD

Solid circles indicate experiments of Table III; open
circles all other experiments.

methods in Figure 2A and 2B. Although there
is some correlation, the large number of points
in the upper left-hand quadrant corresponds to
experiments in which the serum protein method
indicates an increased plasma volume while the
other methods indicate a decreased volume.
Since these all occurred in experiments in which
a decrease might be expected on physiological
grounds, the validity of the serum protein
method in these cases must be doubted.

Even more marked is the frequency with which
the correlation is inverted between changes meas-
ured by the hematocrit method and those meas-
ured by the dye and monoxide methods, Figure
2C and 2D. Some of the aberrant points in the
upper left-hand corner are derived from experi-
ments with changes in salt concentration of body
fluids, which might be expected to affect the
validity of the hematocrit method, but others are
derived from simple shock experiments in which
no such concentration changes occurred.

DISCUSSION

The conclusion was reached in a previous paper
(1) that neither the dye method nor the carbon
monoxide method regularly measures absolute
blood volume in normal subjects. The experi-
ence with pathological subjects tends to confirm
and extend this conclusion. In pathological as
in normal states, either method may on occasion
give the larger value, and it is not possible to
assert that either one consistently measures abso-
lute blood volume. There is more tendency in
pathological than in normal subjects for the dye
measurement to exceed that by monoxide. This
tendency toward a larger value for the blood
volume in many of the patients may be associ-
ated with their particular disease, or it may be
due to some non-specific factor common to this
pathological group as a whole. For example, the
patients had all been confined to bed for some
days prior to the determination of blood volume,
while the normal subjects had previously been
ambulatory. No such explanation seems pos-
sible of the frequent high values given by the dye
methods in shocked animals. It is possible, how-
ever, that the high values in shock resulted from
the accelerated rate with which dye escapes from
the vascular space in this condition. The valid-
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IN PLASMAVOLUMEBY 4 DIFFERENT METHODS
In A and B, relative plasma volumes calculated from change in total protein (T.P.) concentra-

tion in serum are compared with relative plasma volumes measured by the dye method and by the
carbon monoxide method, respectively. In C and D, relative plasma volumes calculated from
change in the fraction of cells in whole blood (Hkt) are compared with relative plasma volume
measured by the dye method and by the carbon monoxide method, respectively. Solid circles
indicate experiments of Table III; open circles all other experiments.

ity of the dye method in shock will be discussed
more fully later.

On the whole, it seems probable that both
methods tend to exaggerate the true blood vol-
ume. In previous papers (1, 2), it has been
shown that most of the technical errors in the
measurement of blood volume by the monoxide
method tend to result in values exceeding the
actual volume. Some of the reasons which are

commonly supposed to support this conclusion
are not, however, entirely valid. Thus, it has

been suggested that carbon monoxide measures

a space larger than the vascular space because
some carbon monoxide leaves the intravascular
space and combines with the myoglobin of
muscle and with the blood pigments in reservoirs
such as the spleen and bone marrow. That the
loss of carbon monoxide to myoglobin is not
responsible for an appreciable error is supported
by the finding, repeatedly confirmed by ourselves
and by others (13, 14), that the concentration
of carbon monoxide in the blood is quite constant
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a few minutes after the inhalation of the gas.

Even strenuous exercise, which greatly increases
the flow of blood through the muscles and so

might be expected to facilitate a loss of carbon
monoxide to them, does not appreciably affect
the carbon monoxide concentration of the blood
(13, 14). The slight drop in concentration of
carbon monoxide in the blood, observed by
Asmussen within the first few minutes of giving
carbon monoxide and attributed by him to loss
of carbon monoxide to the pigment stores, can

just as well be explained by the process of dis-
tribution within the vascular space.

There is also much evidence that carbon mon-

oxide is not actively taken up by the red blood
cells of the spleen (15). In animals, direct
analysis of the spleen showed that carbon mon-

oxide tended to be excluded unless the blood was

more than 20 per cent saturated, a saturation
rarely attained with the amounts of carbon mon-

oxide used by us or by others in blood volume
measurements. Even with high blood concen-

trations, it took several hours for the same

concentration to be reached in the spleen. Our
own demonstration that carbon monoxide meas-
ures the same volume in splenectomized as in
normal dogs likewise indicates that carbon mon-

oxide is not lost to the spleen.
A loss of carbon monoxide to the pigment

stores, particularly to those of the bone marrow,
is not excluded by our work. Such a loss was in
fact postulated by Whipple and his associates
(16), Barcroft and his associates (17), and others.
In any event, any losses due to escape of carbon
monoxide from the intravascular space would
tend to produce misleadingly high results. In so

far as dye volumes equal or exceed those of car-

bon monoxide, the dye method must therefore
also give too high a value. It does not seem

probable, however, that the loss of carbon mon-

oxide to the bone marrow is very great, for the
considerations relating to the fixation of carbon
monoxide by myohematin are also valid here
(13, 14).

There are various reasons for believing that
the dye method also regularly gives excessive
values for the plasma volume. The validity of
this method depends on the assumption that
either a negligible amount of dye is lost during
mixing time, or that, if the initial concentration

is derived by extrapolation from the curve repre-
senting the rate of dye disappearance, the dye
leaves the circulation at a uniform rate at all
times after its injection. Both of these assump-
tions are open to serious question. Since the
dyes used in this method are attached to the
protein of plasma (18, 19), it is probably this
attachment which prevents the rapid loss of dye
from the vascular space. It is therefore possible
that some loss of free dye from the circulation
may take place immediately after injection, be-
fore attachment has had time to develop. The
quantitative importance of this factor is un-
known, but in so far as it occurs, plasma volume
measurements will be exaggerated. More defi-
nite is the rapid loss of dye into the lymphatic
system (20, 21, 22), which necessarily means that
the apparent volume of distribution of the dye,
calculated by the usual extrapolation method,
must include some of the lymphatic space along
with the intravascular space. There is also evi-
dence that the liver may act as a temporary
repository for the dye (23, 24, 25). It is not
known whether the appearance of the dye T1824
in the tubular epithelium of the kidney (26)
occurs rapidly enough to affect the early dis-
tribution of the dye, or whether the decoloriza-
tion of the dye with time occurs in vivo as it does
in vitro (27), but these factors, if present, would
further accentuate the exaggeration of the plasma
volume by the dye method.

Whipple and his associates (28) still maintain
that plasma and cells are not evenly distributed
throughout the circulation. The evidence cited
in favor of this contention is, however, open to
other interpretation. They originally advanced
the hypothesis of an uneven distribution in order
to explain the smaller values for blood volume
obtained with the monoxide method when com-
pared with those obtained with the brilliant vital
red dye method. However, upon observing that
some dye was lost to the lymphatics, Smith (20)
conceded that this might account in part for the
greater space measured by the dye than by
carbon monoxide. Waterfield (29) has con-
tributed evidence to support this view in the
form of experiments in which it was shown that
increases in leg volume corresponded to blood
volume changes which occurred in changing from
the recumbent to the standing position. The
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recent study by Stead and Ebert (30), supporting
the view that relative cell volume measurements
by hematocrit do not reflect the relationship of
cells to plasma throughout the body, depends for
the validity of its argument on the unwarranted
assumption that the dye method measures actual
plasma volume. There are, on the other hand,
studies such as those of Steinmann (31), in which
exactly the same hemoglobin concentration was
found in blood taken simultaneously from ear,
finger, toe, arm vein, and mesenteric veins; in
normal circulatory states the concentration did
not vary by more than one part in a hundred.

Our own observations indicate that relative
cell volumes of arterial blood and of venous blood
are identical except under conditions of profound
shock. In shock, it is certainly true that the
distribution of cells throughout the vascular sys-
tem may be uneven, and this factor must be
taken into account in comparing dye and monox-
ide measurements under these conditions. If
the measured relative cell volume is higher than
the true average relative cell volume, blood vol-
ume by the dye method will be too high and that
by the monoxide method too low; conversely, if
the measured value is less than the average, the
distortion by each method will be reversed. In
our shock experiments, arterial blood was used;
if there was any difference between the relative
cell volume in arterial and venous blood, it was
always higher in the latter. In other words, if
arterial blood were not a fair sample of average
blood, it differed by having less than the average
proportion of cells; this is reasonable also from
what is known of the distribution of blood in
shock. This error in sampling would therefore
tend to make dye measurements too low and
monoxide measurements too high; it cannot
therefore be responsible for the fact that dye
measurements in shock usually exceed those by
monoxide.

In our bleeding experiments, the total cell
mass, as determined by the carbon monoxide
method, bears an approximately linear relation-
ship to the relative cell volume as measured by
the hematocrit. Just such a relationship was
observed by Hahn and Bale (32) when radio-
active cells were used to measure total cell mass.
With the exception of certain of the aberrant
studies previously alluded to, the cell mass as

determined by the dye, T1824, likewise bears a
linear relationship to the hematocrit. Hahn,
using brilliant vital red and a modification of the
procedure used by Whipple, obtained no such
relationship (33). This suggests that brilliant
vital red as used by these investigators does not
measure a space equivalent to that measured by
T1824 with the Gibson and Evelyn technic.
The correlation of changes in cell mass, as meas-
ured by both the carbon monoxide and dye tech-
nics, with changes in relative cell volume lends
support to the idea that the ratio of cells to
plasma is normally the same throughout the
circulation.

Certain observations in the course of our ex-
periments indicate that repeated use of the blue
dye may lead to anomalous results. In the ex-
periment with repeated bleedings (Table V), dye
injections were given many times. Ultimately,
sporadic increases of plasma volume as measured
by the dye method appeared, much too large to
indicate real changes in plasma volume. Lind-
hard (34) has observed successively larger values
for blood volume with prolonged repeated use of
the dye, vital red. Thompson and his associates
(35), on the other hand, have reported smaller
apparent plasma volumes with repeated injec-
tions of dye, an observation contrary to that of
Lindhard. The explanation of these curious re-
sults is at present obscure.

There is much evidence that both methods,
although of doubtful value in the measurement
of.absolute blood volume, may be usefully ap-
plied to the detection of changes in blood and
plasma volume. The correlation in Figure IA
indicates that reductions in plasma volume are
recorded with considerable regularity by both
methods, although the extent of the recorded
change is not usually the same with the 2 meth-
ods. There is a tendency for the dye method to
indicate less of a reduction than does the monox-
ide method. This is especially true under condi-
tions of shock, and may, in a few instances, lead
to recording of a reduction by the monoxide but
not by the dye method. The increased rate of
dye loss in shock (36) undoubtedly tends to
exaggerate the plasma volume by the dye
method in shock as compared with the normal
status. It seems reasonable, therefore, to doubt
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the dye rather than the monoxide method under
these circumstances.

It is not just, however, to assign all the quan-
titative change by the 2 methods to vagaries in
the dye method alone. In quite a number of
cases, the dye method indicates more of a reduc-
tion than does the monoxide, a difference which
obviously cannot be explained by abnormally
rapid loss of dye. There is really no reason to
believe that the monoxide method measures rela-
tive plasma volume more exactly than does the
dye. It is fairly clear that both methods are
fairly reliable qualitative, but not quantitative,
measures of relative plasma volume. In this re-
spect, they are clearly superior to methods based
on changes in serum protein concentration or on
changes in relative cell volume. Indeed,- al-
though these older methods based on protein and
hematocrit measurements are still widely em-
ployed in clinical and experimental work (37),
they may frequently be seriously misleading,
even in a qualitative sense. Failure of the dye
method to indicate a reduction of plasma volume
in shock does not prove that such a decrease has
not taken place. On the other hand, demonstra-
tion of a reduction in plasma volume in shock by
either dye or monoxide is good evidence that a
change actually did take place in the direction
indicated.

CONCLUSIONS

1. The relationship between simultaneous
measurements of blood volume with the dye,
T1824, and with carbon monoxide is more vari-
able in abnormal than in normal subjects.

2. In some abnormal subjects, the dye method
tends to give considerably higher values than
does the monoxide method. This is especially
apt to occur in dogs in secondary shock.

3. It is probable that both methods tend to
give absolute values which exceed the true blood
volume.

4. Both methods consistently indicate cor-
rectly the direction of change in plasma volume.
They are therefore useful relative measures of
plasma volume, at least in a qualitative sense.

5. The only exception occurs in some cases of
traumatic shock, in which the dye method may
fail to record a decline in plasma volume.

6. On the other hand, an indication by the dye
method that there has been a decline of plasma
volume in shock almost certainly means that
such a decline has taken place. The dye method
can therefore be used in the study of plasma
volume in shock, provided these limitations be
taken into account in interpreting the results.

7. Dye and monoxide methods both indicate
changes in plasma volume more reliably than do
changes in serum protein concentration or in
relative cell volume, which may, in fact, wrongly
indicate even the direction of change.

The authors are indebted to Professor John Fulton
who generously placed the facilities of the Laboratory of
Physiology of the Yale University School of Medicine at
their disposal.
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