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Recent methods of measuring the volume of the
circulating blood have employed the dilution prin-
ciple, using either labeled red blood cells or sub-
stances which presumably travel with the plasma.
Earlier methods made use of carbon monoxide (1)
or specific agglutinogens (2) by the Ashby tech-
nique (3) as specific erythrocyte labels. In the
past few years a variety of radioisotopes, Fe55, Fe5
(4, 5), Cr51 (6), p82 (7), and K42 (8), have been
found useful for this purpose. The most com-
monly employed plasma soluble substance has been
Evans blue dye, T-1824 (9), its successful useful-
ness depending on its presumed rapid and com-
plete binding to the circulating albumin (10).
Recently plasma proteins tagged with I'll have
been used in the determination of blood volume
(11-13).

In a number of reports (3, 5, 14-18) simultane-
ous studies have yielded higher values for total
blood volume by the dye method than by tagged
erythrocyte methods. This finding led to the con-
clusion that the average body hematocrit is lower
than the peripheral vessel hematocrit. Offered in
support of this concept is the observation that post-
phlebotomy red blood cell volumes calculated from
the dye plasma volume and, the hematocrit ap-
peared lower than predicted from the pre-hemor-
rhage red cell value and the volume of red cells
removed (19).

A contradictory opinion was presented by Greg-
ersen (20) who found that blood volumes calcu-
lated from T-1824 dye dilution and the COtagged
red blood cell method gave values in satisfactory
agreement and by Noble and Gregersen (21) who

'Reviewed in the Veterans Administration and pub-
lished with the approval of the Chief Medical Director.
The statements and conclusions published by the authors
are the results of their own study and do not necessarily
reflect the opinion or policy of the Veterans Administra-
tion.

found that the increase in red blood cell volume
after transfusion as determined from the dye
plasma volume and hematocrit agreed well with
the quantity of cells given in transfusion. Hop-
per, Tabor, and Winkler (22) also obtained almost
identical results for average blood volume values
calculated from T-1824 and COtagged red blood
cell dilution but concluded that neither method had
been shown regularly to measure blood volume.
Subsequently, Nickerson, Sharpe, Root, Fleming,
and Gregersen (23) found that the radioactive iron
(Fe55) tagged erythrocyte method gave lower
blood volumes than the T-1824 dye method.

A further disagreement was introduced by
Mayerson, Lyons, Parson, Nieset, and Trautman
(24) who found almost identical values in simul-
taneous studies utilizing Evans blue dye and p82
tagged red blood cells when they applied the 8%2%o
hematocrit correction factor of Chapin and Ross
(25) for trapped plasma. Using the same cor-
rection factor they recalculated the data of Gibson,
Peacock, Seligman, and, Sack (5) and Meneely,
Wells, and Hahn (17) and obtained similar val-
ues for total blood volume as determined by the
tagged red blood, cell and Evans blue methods.
They concluded that the appearance of differences
between average body hematocrit and the periph-
eral vessel hematocrit arises chiefly from neglect
of correction for trapped plasma in the centrifuged
hematocrit tube. However, two recent similar
studies (26, 27) demonstrated such differences
even when the same correction factor was applied.

The demonstration that Evans blue dye appears
in lymph fluid shortly after injection (28) and
that dye concentration in the blood stream de-
creases at a relatively rapid rate during the first
few minutes (29) has led to questions concerning
the validity of its use as a measure of plasma vol-
ume with the implication that loss from the intra-
vascular circulation leads to a significant overesti-
mation (30, 31).
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Crispell, Porter, and Nieset (13) found com-
parable results for plasma volumes obtained with
Evans blue and with I'8l tagged serum albumin.
However, Storaasli, Krieger, Friedell, and Holden
(12) found that the volume obtained with T-1824
was considerably greater than that with iodinated
protein in all but one of 15 cases. On the other
hand- simultaneous studies by this group of work-
ers (11), using P32 tagged red blood cells and
radio-iodinated serum protein in dogs, gave almost
identical values. These latter results would imply
that the higher blood volume values obtained with
Evans blue as compared to tagged red blood cell
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methods are presumably in error due to over-
estimation by the former method'.

In view of the contradictory evidence bearing
on the relative validity of plasma soluble sub-
stances and tagged erythrocyte methods in blood
volume determinations, it seemed advisable to re-
investigate this problem in a manner which would
avoid points of previous dispute. In the present
study simultaneous determinations of the blood
volume of human subjects made with I'll labeled
albumin and with p52 or K42 tagged red blood
cells have been compared and the problem of the
average body hematocrit has been considered.
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FIG. 1. SEMILOGARrTHMIC PLOT-ARTERIAL CONCENTRATIONSOF P' TAGGED
RBCANDI' TAGGEDALBUMIN DURINGTHE MIXING PERIOD

The concentrations are plotted relative to the one minute point in cases 1-5 and
and to the two minute point in case 6.
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SOLOMONA. BERSONAND ROSALYNS. YALOW

The influence of errors of the centrifuged hemato-
crit value on the ratio of the peripheral vessel he-
matocrit to average body hematocrit has been ob-
viated by the assay of whole blood rather than of
plasma or red blood cells.

METHODS

Subjects were hospitalized patients of the Veterans
Administration Hospital, Bronx, New York, and all were
kept at complete bed rest for a minimum of three hours
prior to the studies.

The Ki and P0 were obtained from Oak Ridge National
Laboratory and were prepared for human use in neutral
sterile isotonic saline solution. Ten ml. of heparinized
blood were incubated under sterile conditions in a rub-
ber-stoppered centrifuge tube at 37° for two hours with
either 50mc. carrier-free P" or with 200/Ac. Ki contained
in 50 mg. stable potassium carrier. The plasma and buffy
coat were removed. The labeled cells were then re-
peatedly centrifuged and washed with isotonic saline un-
til the total activity in the final wash, performed no more
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than one-half hour prior to injection, was less than 1%
of that activity bound to the red blood cells. Usually two
to three washings were sufficient. The red blood cells
were then prepared for injection by suspension in an
equal volume of saline. Approximately 5 ml. of the
suspension containing 7 to 12 i'c. P0 or 2 to 4 i'c. K" were
used for injection.

I' labeled serum albumin was obtained from Abbott
Laboratories and was prepared for injection of approxi-
mately 100 Ac. in 5 ml. by dilution with sterile isotonic
saline. Three to 4%o of the radioactivity of earlier lots
was found to be non-protein bound as determined by 24
to 48 hour dialysis and by trichloracetic acid precipitation.
Seventy-five per cent of the total dialyzable activity ap-
peared outside the membrane within the first hour. In all
the arterial studies and in some other cases, prior to in-
jection, dialysis under sterile conditions was performed
against saline in beakers changed at frequent intervals.
In the cases in which dialysis was not performed prior
to injection, necessary corrections as described below
were made.
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FIG. 2. SEMILOGARITHMIC PLOT-VARATION OF VENous CONCENTRATIONSOF I' TAGGED
ALBUMIN WITH TiME

In each case activities are plotted relative to the first point.
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TAGGED ERYTHROCYTES
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FIG. 3. SEMILOGARTHMICPLOT-VARIATION OF VENOUSCONCENTRATIONSOF P' OR K" TAGGED
ERYTEROCYTESWITH TIME

In each case activities are plotted relative to the first point.

Radioactivity of the injected albumin I' solutions and
of the withdrawn whole blood samples was determined by
dilution of known volumes to 100 ml. in Marinelli beakers
placed around an RCL bismuth walled Geiger counter.
The sensitivity of this arrangement was 4,500 counts/min./
Ac. I1'. Since gamma counting was employed, the I'
could be assayed in the presence of P"'. WhenKW labeled
red blood cells were employed, this short lived isotope
(Th = 12.44 hrs.) was allowed to decay for a suitable
length of time before the I' was assayed.

Radioactivity of the injected red blood cell sus-
pensions in suitable dilutions and of the withdrawn
whole blood specimens was assayed in a horizontal mount
containing a thin walled tetramethyl lead filled beta-
gamma counter. When 5 ml. liquid samples were placed
in a fixed position under the counter, the sensitivity of
the arrangement was 6.35 X 104 counts/min./Mc. P' and
1.63 X 10, counts/min./c. K". No detectable differences
in sensitivity due to unequal absorption by water and
whole blood were found for either of the isotopes under
the conditions specified.

All counting systems were shielded with 1 inch of lead.
A minimum of 5,000 to 10,000 counts was recorded for
each specimen. The counting rates of the samples were
20 to 50 times the background count.

Hematocrits were determined in Wintrobe tubes sub-
jected to a maximum R.C.F. of 2,000 g at the tip for one-

half hour.
For greater accuracy, weighed solutions were injected

and the volumes calculated from the weight and measured
density of these solutions. For determinations using ve-

nous samples, the syringes were weighed empty and
with the appropriate solution. These were then rinsed
several times with the patient's blood during the injection
to insure complete delivery. For the arterial studies,
where rapid delivery was desired, the syringe and needle
were weighed with the solution to be injected and again
after injection without rinsing, care being taken to pre-
vent loss of residual solution within the needle at the
time of withdrawal from the vein.

All injections were preceded by the aspiration and re-

injection of 10 ml. of blood to insure central location of
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the needle in the vein. The syringe was then removed and
the tagged cell suspension was injected. After blood
sampling from the opposite arm was completed, the al-
bumin solution was then injected and sampling was re-
peated in a similar fashion at the same time intervals.
For arterial samples an indwelling needle fitted with a
stylus was inserted into the brachial artery prior to the
injection of the tagged material. All blood specimens
were taken without stasis in syringes wetted with heparin.

The following formulae were used in calculations:

Totalbloo volme =Total injected activity
_ 1Total blood volume = Activity/ml. whole blood (1)

The average of the last two withdrawn samples was used
to calculate the activity/ml. whole blood. The times of
withdrawal of specimens for the tagged albumin or the
tagged red blood samples were the same. Iodide is dis-
tributed within 10 to 15 minutes into a space equal to 20%
of the body weight (32) compared to the usual 5% space
which the plasma occupies. When albumin I' solutions
were used without prior dialysis the total injected ac-
tivity was corrected for by subtracting from it 75% of the
total dialyzable activity (3-4%) of that solution. It is
clear that even a gross error in this correction factor is
unlikely to affect the blood volume determination by more
than 1%.

V. - RBCvolume
= Total blood volumeuw pRBCXhct. XO.98.2 (2)

VP= Plasma volume
=Total blood volume buminulXX(I -0.98Xhct.). (3)

Average body hematocrit - V,

Vo+VP
RESULTS

1) Mixing time of erythrocytes and albumin

To determine the relative rates of mixing of the
albumin and the erythrocytes, multiple arterial
samples of each were obtained from five subjects
over the first seven to 15 minutes following in-
jection, the initial sample being taken at 30 sec-
onds. In one subject with congestive heart failure
the mixing of the tagged albumin alone was stud-
ied. Simultaneous studies show that mixing of
the tagged red blood cells and of the tagged albu-
min is approximately 90%o complete within the
first 60-90 seconds unless circulation is markedly

2Experiments in this laboratory involving the assay
of the relative quantity of albumin labeled with I' in
the red blood cell column of the centrifuge tube as com-
pared with the supernatant plasma have shown that under
the conditions of centrifugation specified the hematocrit
reading is in error by not more than 2% (33). There-
fore, the correction factor of 0.98 has been applied to the
hematocrit readings.

impaired by heart failure (Figure 1). The rate
of decrease of both tagged cells and the tagged al-
bumin concentrations between one and one and a
half minutes and seven to 10 minutes is in general
higher than that noted at subsequent times. The
possibility seems unlikely that excess early loss of
albumin from the intravascular circulation oc-
curred, in view of the similar changes which took
place in the tagged red cell concentrations. The
relatively rapid early fall in concentration must
therefore be ascribed to continued mixing which ap-
pears to be virtually complete within five to 10
minutes after injection. The venous concentration
curves for the tagged albumin (Figure 2) and for
the tagged red blood cells (Figure 3) in the re-
maining subjects also show that the differences
between the five to eight and the 12 to 25 minute
concentrations are accountable by random varia-
tion. Other studies in this laboratory (34, 35)
have shown that the rate of loss of activity from the
circulation of either of these labeled substances is
of the order of 1 %o or less per quarter hour during
the first few hours. Thus for samples drawn at
10 and 15 minutes, extrapolated corrections to
zero time are unnecessary.

2) Comparison of blood volume determinations
with tagged red blood cells and I'31 tagged
albumin

The hematocrit values, whole blood volume
data and calculated values for red blood cell volume
(V½), plasma volume (Vp), average body hemato-
crit (av. b. hct.) and the ratio of the average body
hematocrit to the peripheral vessel hematocrit

pav.b.hct. )are-given in Table I. In every case

the blood volume determined by dilution of the
tagged albumin was greater than that obtained
from the tagged erythrocyte studies. Accordingly,
the values for whole blood volume calculated by
adding the albumin I131 plasma volume (Vp) and
the tagged erythrocyte volume (V,) fall between

the two. The average body hematocrit (V
is therefore in all cases lower than the hematocrit
in the large vessels. The mean value for the ratio
of average body hematocrit/peripheral vessel he-
matocrit is 0.924 with a range from 0.860 to
0.996.
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TABLE I

Summary of blood volume data in 25 studies on 21 subjects

caNo. | Diagnosis Hct. - | Cor d |
K B.V.

| e|s B.V. Vp V.
+

V V
Ven Body hct.No. Dr or v ib. V. + VP ct. corr'd

1 Leukemia 36.5 35.8 P 5,900 2,100 6,040 3,880 5,990 35.2 .983
2 Sarcoidosis 47.1 46.2 P 4,400 2,030 4,935 2,660 4,690 43.3 .940
3 Polycythemia vera 65.2 63.7 P 4,170 3,000 5,330 1,950 4,950 60.5 .952
4 Sarcoidosis 51.0 50.0 P 5,780 2,890 6,080 3,040 5,930 48.75 .975
5 Normal 44.5 43.6 P 5,120 2,235 5,550 3,120 5,355 41.6 .955
6a Polycythemia vera

AS;HD; CHF 73.0 71.5 K 6,400 4,575 7,850 2,240 6,815 66.8 .935
b* 34.0 33.3 P 4,950 1,650 5,990 3,990 5,640 29.3 .880

7 Cor pulmonale, CHF 44.0 43.1 K 6,600 2,840 7,700 4,390 7,230 39.3 .915
8 ASH-D; CHF 38.0 37.2 P 4,000 1,490 4,930 3,090 4,580 32.5 .875
9a Polycythemia vera 69.0 67.6 K 6,550 4,435 9,350 3,120 7,555 58.5 .865

b 67.0 65.6 P 7,240 4,750 8,570 2,950 7,900 60.1 .915
10a Polycythemia vera 65.0 63.4 K4,900 3,100 5,850 2,140 5,240 59.2 .934

b* 43.0 42.1 P 4,800 2,020 5,880 3,410 5,430 37.1 .885
11 Pernicious anemia 16.5 16.2 P 4,660 750 4,670 3,915 4,665 16.1 .996
12 ASHD; CHF 47.1 46.2 P 4,460 2,060 5,790 3,120 5,180 39.7 .860
13 HASHD; CHF 45.5 44.6 P 5,800 2,580 7,060 3,920 6,500 39.7 .890
14 Pulmonary TB. 38.2 37.2 P 2,650 985 3,320 2,090 3,075 32.1 .860
15 Pulmonary berrylosis 50.3 49.3 P 4,440 2,175 4,780 2,420 4,590 47.3 .960
16a Laennec's cirrhosis 40.0 39.2 P 6,170 2,415 6,750 4,100 6,515 37.0 .943

bt 38.0 37.2 P 6,295 2,330 7,120 4,470 6,700 34.9 .938
17 Laennec's cirrhosis 39.3 38.5 P 5,040 1,940 5,230 3,210 5,150 37.7 .977
18 Splenic vein thrombosis 37.5 36.7 P 5,140 1,880 6,040 3,820 5,700 32.9 .895
19 Laennec's cirrhosis 30.0 29.4 P 5,950 1,750 6,930 4,880 6,630 26.4 .897
20 Normal 36.8 36.1 P 4,590 1,660 4,950 3,160 4,820 34.3 .950
21 Polycythemia vera 61.9 60.7 P 6,590 3,990 7,950 3,140 7,130 56.0 .922

* After phlebotomy.
t After intravenous albumin. CHI
ASHD-Arteriosclerotic heart disease. HAM

3) One-)half hour urinary radioactivity

When dialyzed albumin was used, the one-half
hour urine specimens contained less than 0.1%o
of the injected activity. When undialyzed, solu-
tions containing 3-4o non-protein bound activity
were injected, less than 0.25%o of the injected ac-
tivity was excreted in the urine during the half
hour period following injection. Previous studies
have shown that 5-107o of injected KI'8' appears
in the urine during this time (32).

DISCUSSION

The relationship between the plasma/erythro-
cyte ratios in large and small vessels has been a
point of considerable dispute. An average body
hematocrit lower than the peripheral vessel he-
matocrit has been interpreted as indicating that the
plasma/red cell ratio in minute vessels through-
out the body is greater than the ratio found in the
large peripheral vessels which are readily available
for sampling. A principal source of disagreement
among previous workers arises in the method of
estimating plasma volume by assay of plasma

F-C<Longestive heart failure.
SHD-Hyperteasive and arteriosclerotic heart disease.

alone for dye content or radioactivity and of red
blood cell volume by the assay of whole blood or
packed erythrocytes. The accuracy of the hemato-
crit reading then becomes an important factor in
the determination of the ratio of average body
hematocrit to peripheral vessel hematocrit. Esti-
mations of the error of the hematocrit have ranged
from - 5o to + 8.5%o (33). Thus, identical
data for erythrocyte and plasma dilution may be
obtained by different investigators, but, owing to
the application of different correction factors for
the same hematocrit, or of an identical correction
for hematocrits with different errors, divergent in-
terpretations are expressed. In most reports, the
conditions of centrifugation under which the he-
matocrit readings were obtained are not given.
It has been shown that the error of the hemato-
crit obtained in tubes spun for 30 minutes at 500
g is 8.5% but at 2,000 g is not more than 2%o (33).
From these considerations, it appears likely that
discrepancies in previously reported studies may at
times be related to calculations involved in the de-
termination of total blood volume from the dye
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plasma volume and the hematocrit rather than
to real differences in the dilution factors.

In the present study this difficulty has been cir-
cumvented by assaying whole blood for tagged red
cell and tagged albumin activity alike. Hence, the
correction applied to the hematocrit reading is of
negligible importance in evaluating the average
body hematocrit/peripheral vessel hematocrit ra-
tio because such a correction affects both to almost
the same extent. In the present study this ratio
was always less than one. However, its mean
value is not as low as that obtained by some
other workers using Evans blue and tagged cell
methods, which again raises the possibility that
the dye method leads to overestimation of plasma
volume. Even if it is accepted that, when injected
in proper concentration, most of the dye becomes
bound to serum albumin, early loss from the intra-
vascular circulation before complete binding has
occurred cannot be excluded. The studies of
Barnes, Loutit, and Reeve (36) in vitro have
shown that the binding is not complete until 40 to
50 seconds at body temperature. The circulation
time to the lungs is of the order of four to eight
seconds and it is probable that some unbound
fraction still remains at that time to pass through
the pulmonary capillaries, or that the vascular
endothelium may compete with the serum albumin
for the binding of the dye. Meneely, Wells, and
Hahn (17) showed that, following injection of
dye labeled plasma from a donor, the "mixing
phase" was less marked than that following the
administration of dye alone. The staining of veins
subjected to numerous injections of the dye is ob-
vious even through the skin (37). Tagged albu-
min is free of these objections, and would, seem to
be more satisfactory for estimation of plasma vol-
ume than a dye, the suitability of which depends
upon its becoming bound to albumin.

It has been stated that the time for mixing of
plasma soluble substances and red blood cells is
perceptibly different, the latter being the more
rapid (15). No consistent differences were ob-
served after 30 seconds in the five cases studied
here. In the case of both, mixing to the extent of
about 90%o of the equilibrium value took place
within one to one and a half minutes but the at-
tainment of apparent equilibrium took five to 10
minutes. This suggests that most of the circulat-

ing blood is in very free intercommunication but
that there are some depots to the extent of 5 to
10% of the total blood volume which are less read-
ily penetrated. The situation in shock has not
been investigated. In the case of circulatory im-
pairment, as in heart failure, the earlier phase of
mixing may be retarded but equilibrium was fairly
well established in less than 10 minutes in the one
case studied. Since, after the initial mixing period
of five to 10 minutes, the rate of fall in the concen-
tration of the tagged red blood cells or albumin is
less than 1 % per quarter hour, samples drawn
between 10 and 20 minutes after injection do not
require an extrapolation correction.

SUMMARY

1. Simultaneous blood volume determinations
utilizing albumin tagged with I131 and erythrocytes
tagged with p32 or K42 have been performed in
25 tests on 21 subjects. In every instance, the
whole blood volume evaluated by the tagged al-
bumin dilution was greater than that derived from
the dilution of the tagged erythrocytes. The av-
erage body hematocrit/peripheral vessel hemato-
crit ranged from 0.860 to 0.996 with a mean value
of 0.924. Since whole blood samples were as-
sayed, these ratios did not depend on the accuracy
of the observed hematocrit reading.

2. Arterial mixing curves revealed that apparent
equilibrium may not be attained until five to 10
minutes after injection although the concentrations
at one to one and a half minutes are only approxi-
mately 10%o above the equilibrium values. There
is no essential difference in the mixing times of
tagged albumin and erythrocytes.

3. Albumin tagged with I131 is a satisfactory
material for the estimation of circulating plasma
volume. Owing to the difference between average
body hematocrit and peripheral vessel hematocrit
the accurate evaluation of whole blood volume re-
quires independent determinations of plasma and
red blood cell volumes.
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