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In the treatment of wounded men in shock,
the rapid intravenous infusion of plasma is
almost a routine preliminary to prevent further
deterioration of the clinical condition of the pa-
tient, while the extent of injuries and the clinical
condition are evaluated. If one can add to this
evaluation a quick approximation of the blood
volume obtained by estimating the dilution
caused by the infused plasma, one will have
information of value in deciding further therapy.

This paper presents data which indicate that
the blood volume can be estimated, within :1 15
per cent, from the decrease in blood specific
gravity caused by infusion of a known volume
of isosmotic plasma or albumin solution. The
specific gravity determinations on the 3 samples,
blood drawn before the infusion, blood drawn
5 to 10 minutes after the infusion, and infused
plasma or albumin, can be quickly and accurately
determined by the copper sulfate method (1).
About 2 minutes suffice for the specific gravity
determinations and the calculation of blood vol-
ume from the appended line chart. This
method of estimating blood volume will be
called Procedure A.

An alternative procedure, B, is to estimate
blood volume from the decrease in hemoglobin
concentration caused by infusion of a known
volume of isosmotic plasma or albumin solution.
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between the Office of Scientific Research and Development
and The Rockefeller Institute for Medical Research.

2This article has been released for publication by the
Division of Publications of the Bureau of Medicine and
Surgery of the U. S. Navy. The opinions and views set
forth in this article are those of the writers and are not to
be considered as reflecting the policies of the Navy De-
partment.

3 Lieutenant Commander, Medical Corps, United States
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When the hemoglobin is determined by the
copper sulfate method, the procedure requires,
in addition to measurement of the specific
gravities of the 2 blood samples, measurement
of the specific gravities of their plasmas also.
Hence, Procedure B is less desirable than A for
rapid work. Results by the two procedures
check closely, however.

In the present paper, blood volumes measured
by the above procedures are compared with
blood volumes simultaneously determined by
the usual dye method.

ESTIMATION OF WHOLEBLOOD VOLUME FROM
CHANGEIN BLOODSPECIFIC GRAVITY

(PROCEDUREA)

Technique of Procedure A. A sample of blood (B1) is
drawn. From 500 to 1500 ml. of normal plasma, or of
lyophilized plasma made up to contain about 8 per cent
of solids, or of approximately 5 per cent human albumin
solution, are rapidly infused (50 to 100 ml. per minute).'
Five to 10 minutes after completion of the infusion a
second sample of blood (B2) is drawn.

Whole blood specific gravities, GB1 and GB2, of blood
samples B1 and B2 are then determined (1), also the

' The larger the volume of plasma or albumin solution
infused the more accurate will be the blood volume estima-
tion: Five hundred ml. is the smallest volume that will
yield a usefully accurate blood volume figure. (See dis-
cussion of "Relative effects of different sources of error.")
If the subject's plasma is grossly below normal in protein
concentration, blood volume somewhat too low may be
estimated by injection of plasma of normal concentration.
Theoretically, such plasma, injected into a subject with
hypoproteinemia, should draw extravascular water into
the circulation, and thereby decrease GB,. As seen by
inspection of Equation, 2 decrease in GB, affects both
numerator and denominator of the right hand member of
the equation in a way to decrease the calculated VB1.
The results at the top and bottom of Table II, exemplify
the errors that can be caused in estimated blood volume
when the infusions are grossly hyperosmotic or hypo-
osmotic. However, when the second blood sample is
drawn within a few minutes after normal plasma infusion,
the error caused by osmotic effects appears not to be great.
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Litevs of
fluid inftu&ed,V5

also
Q1b-G:B1, Ratio of

blood volum
to norrrcil

0.005 0.30

0.35

0.004 0.40

0-O.45

0.005 0.50

0.55

0.006 0.60

0.o00 - -0.70

0.008 - 0.0

0.009 --0.90

0.010- 1.00

0.011- 1.10

0.012 -1-.20

0.013 --1.30

0.014- 1.40

0.015 - 1.50
1 4

9u4.ace
eiam
(Mt)

a-

b-

c-

2.30-

2.00-

1.50-
d-

c-

Height
(inches)

78

72

be68

.6o

VI
Blood GB1i-GS

(litez.a)
8.0 -0.080

7.5

7.0- 0.070

6.5

6.0-

5.5

5.0-

4.5-

4.0-

3.5

3.0-,

8.S-

-o.060

-0.050

- 0.045

-0.040

-0.035

-0.030

-0.025

2.0- I0.020
5 23

FIG. 1. CALCULATIONOF BLOODVOLUMEFROMTHECHANGEIN BLOODGRAVITYDUETO INFUSION
OF PLASMAOR SIMILAR FLUID

specific gravity, G., of the infused protein solution. These
values, together with the volume V. of the infused solution,
are used to calculate the whole blood volume by Equation
2 or the line chart of Fig. 1.

The blood samples should be drawn into dry syringes.
One ml. samples of blood are adequate, unless other analy-
ses are desired. An anticoagulant is usually unneces-

sary as the specific gravities can be determined at once by
dropping blood from the syringe into the copper sulfate
solutions. However, if it is desirable to use anticoagulant
and determine the specific gravities later, heparin, 0.2 mgm.
per ml. of blood, is the ideal anticoagulant while the oxa-

late mixture of Heller and Paul (2) is almost as satisfactory.
(For precautions in technique when an anticoagulant is not
used see Reference 1.)

Calculation of blood volume. The principle of
estimating blood volume from blood specific
gravity change caused by infusion of a fluid
lighter than blood was introduced in 1893 by
Sherrington and Copeman (3). Sherrington and
Copeman infused NaCl solutions. These solu-
tions, since they contained no protein, diffused
out of the circulation so rapidly that, to obtain
consistent results, it was necessary to make the
infusions in a few seconds and draw the second
blood sample 30 seconds later. The use of
plasma should decrease this diffusion and thus
render their procedure more accurate. That

DIRECTIONe,
1. Align 'GB -GB2"(1) and
Gft7 fe (2) to loccte Pefevg
ence point on ocale (3)
11. Align this point (3:
with "liteez, infused (4
ond Pecd blood volumne
inlitepn' (5)

111. Align the lattev(5)
witho.peaZ' Ochei ht? (3)
and r'ead ractio ofblood
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qzvcity beforeTnfu0Son

.B.= Blood specific
91'avity af tev
lnfusion
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Nocvim bloodvolume
fvom fosmulLo
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TABLE 1*

Comparison of blood volumes estimated by Procedure A (Blood Specific Gravity Change), Procedure B
(Hemoglobin Change) and by the dye method

Determined by CuSO4method Whole blood volume before infusiont
Volume

of
infused Whole blood Plasma specific Hemoglobin As percentage of

Sur- solution specific gravity gravity Speificconcentration volume by dyePt. fae "gravity _______ Poe rc- mto
Age fac___A___albu_no. min ____ of Dye duroeA- dProeB. method__

area P - Plas- infused meth- dureA. Equa-B
ma Before After solution Before After od tion 2Eioqu Poca-roe

infusion infusion Before Af ter
nu in- ton2in3Prc-roe

I V.s| GBI | GB,
infusion infusion

|G sion sion dure A dure B

IV . G GB G.sin so

a b c d e f g h i j k m n o p q

grams gramspe pryrs. MS liters Per Per liters liters liters |cent cen
100 mi. 100 ml.cet et

1 45 1.67 1.40 A 1.0528 1.0470 1.0265 1.0262 1.0260 12.65 9.96 5.84 5.08 5.23 87 90
2 36 1.66 1.50 A 1.0540 1.0475 1.0272 1.0270 1.0265 13.02 9.93 5.33 4.85 4.90 91 92
3 35 1.58 1.50 A 1.0535 1.0458 1.0265 1.0250 1.0215 12.98 9.80 5.01 4.74 4.63 95 92
4 40 1.60 1.50 A 1.0530 1.0470 1.0250 1.0248 1.0245 13.18 10.43 5.57 5.63 5.70 101 102
5 48 1.64 1.20 P 1.0510 1.0462 1.0222 1.0230 1.0238 13.05 10.63 5.45 5.61 5.28 103 97
6 36 1.66 1.50 A 1.0520 1.0472 1.0280 1.0274 1.0272 11.79 9.64 6.04 6.26 6.72 104 111
7 25 1.47 1.55 P* 1.0498 1.0435 1.0222 1.0230 1.0235 12.50 9.38 4.63 4.93 4.66 106 101
8 23 1.72 1.50 A 1.0552 1.0500 1.0268 1.0270 1.0275 13.71 11.14 5.73 6.48 6.66 113 116

Average of 8 5.45 5.45 5.47 100 100

* These determinations were made in the United States of America Typhus Commission Unit at the Cairo Fever
Hospital, Cairo, Egypt.

t The average blood volume of the 8 subjects per square meter surface area found by the dye method was 3.35 liters,
by Procedure A 3.35, by Procedure B 3.36. Rowntree and Brown (4) found 3.37 as the average of 49 normal men. It is
evident that the patients here reported had normal blood volumes.

TABLE II

Effects of variation in coUloida osmotic pressure of infused solution on blood volumes estimated from hematocrit change
(Procedure B), cakulated from data of Lowell, Cournand and Richards (16)

Hematocrit Whole blood
Ml. Percentage of ml. per 100 ml. volume in liters Procedure B as

Initials Number solution inlfused percentage of
infused solution Before After Dye method Procedure B dye method

Equation 3

Hyperosmotic coUoidal solutions

J. C. 1 185 24.8 47 39 3.04 0.90 30
W. K. 2 500 14.8 36 31 4.70 3.10 66
S. F. 3 1100 6.8 51 41 5.23 4.51 86

Isosmotic coloidal solutions

0. W. 4 1350 5 38 24 2.80 2.31 83
A. G. 5 1000 5 41 32 4.28 3.56 83
M. S. 6 1000 5 35 27 3.97 3.38 85
R. S. 7 1000 5 42 34 4.83 4.25 88
M. M. 8 1500 5 53 40 4.82 4.62 96
W. S. 9 875 5 38 29 2.81 2.82 100

Hypo-osmotic colloidal solutions

J.S. | 10 1 1200 4.1 41 34 4.87 5.83 120
SI.R. I 11 1 1400 3.7 50 42 4.50 7.34 163

X. D. 12 1000 2.5 45 41 4.31 10.25 238
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this is the case is shown in the results in Tables
I and II.

Let VB1 = blood volume before plasma infu-
sion.

GB1 = blood specific gravity before plasma
infusion.

GB, = blood specific gravity after plasma
inhusion.

V. = volume of plasma infused.
Gs = specific gravity of plasma infused.

Equating two values for weight of whole
circulating blood plus infused albumin solution
or plasma (weight = volume X specific gravity)
we have

(1) VB1GB, + V,G.
Sumof weights
before infusion

whence:

(2)

= (VB, + Vs)GB,
Weight in circulation

after infusion

VBj= V.( GB1' Gg)

Calculation of ratio of observed blood volume to
normal blood volume. When the subject is an

adult man one may further use the chart to
estimate the ratio of observed blood volume to
the volume that is normal for the subject's size.
As shown in Table I, the specific gravity method
for blood volume gives the same values as the
dye method. Blood volumes determined in
normal adult men by the dye method have been
found by Rowntree, Brown and Roth (4, p. 64)
to be related to surface area according to the
formula, Blood volume (liters) = 4.48A - 2.11,
where A is surface area in square meters. (In
women it is 7 per cent less per MI, and in children
it is much less.) Hence for men, the ratio of
observed blood volume to normal blood volume
is calculated by Equation 3.

(3) Observed blood volume VB1
Mean normal blood volume 4.48A - 2.11

The surface area can be calculated by Du
Bois' formula:

Area in M2 = (HO.725 X WO.425) 0.007184

where H is height in cm., and Wis weight in
kgm. Various manuals contain line charts for
graphic estimation of surface area by the above
formula.

McIntosh, Moller, and Van Slyke (5) have
computed a curve relating height to surface
area; these two values closely correlate except
in adult subjects of very abnormal build. Hence
when surface area cannot be computed, height
values may be substituted in estimating the
blood volume that would be normal for the sub-
ject. The line chart in Figure 1 enables one to
use either surface area or the equivalent height.

USE OF NOMOGRAMTO CALCULATE BLOOD
VOLUMEMEASUREDBY PROCEDUREA

To calculate the blood volume, VB1 (Equation
2), first make the subtraction, GB1- GB,, to
find the decrease in blood specific gravity caused
by the infusion, and the subtraction, GB,-G.,
to find the specific gravity difference between the
infused fluid and the subject's blood drawn after
the infusion. VB1 is then estimated by aligning
a straight-edge- (a transparent ruler or, prefer-
ably, a silk thread) twice across the line chart
(Figure 1). The first alignment gives the quo-
tient (GB, - G.)/(GBI - GB,) (see Equation 2);
the second alignment multiplies the quotient by
V. to give the desired VB1.

For the first alignment, locate the point for-
GB, - GB, on Scale 1 at the left side of the chart
and the point for GB, - G. on Scale 2 at the right
side. Lay the straight edge through these two
points and note the point where it intersects
Scale 3 in the middle of the chart. (The numbers
on Scale 3 do not indicate the numerical value
of the quotient, which is unnecessary to know,
but aid in locating the intersection point for use
in the second alignment.) The second alignment
is now made by laying the straight-edge through
the previously located intersection point on
Scale 3 and through the point on Scale 4 that
indicates V., the liters of solution infused. The
intersection of the straight-edge with Scale 5
indicates the blood volume sought.

To determine the ratio of the observed blood
volume to the average blood volume normal for
an adult male of the size of the subject, a third
alignment may be made. The straight-edge is
laid across the point found on Scale 5 for VB1
and the point on Scale 3 that indicates either the
surface area or the height of the subject. The
point where the straight-edge cuts Scale 4 indi-
cates the ratio.
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Example. The data on Patient 1 of Table I
serve for an example. GB1- GB, = 1.0528
- 1.0470 = 0.0058. GB, - G. = 1.0470
- 1.0260 = 0.0210. The first alignment across
the point 0.0058 on Scale 1 and point 0.0210 on
Scale 2, intersects Scale 3 at a point 3.3 divisions
above the mark e. The second alignment is
made across this intersection point on Scale 3
and the point on Scale 4 that indicates 1.40,
the liters of albumin solution infused into Pa-
tient 1. The straight-edge then cuts Scale 5
to indicate a blood volume of 5.07 liters.

To find the ratio of this blood volume to that
normal for the subject's size, the straight-edge
is laid across the point on Scale 5 for 5.07 liters
and the point on Scale 3 for 1.67 square meters
of surface area (Table I). The value 0.95 is
read where the straight-edge cuts Scale 4, indi-
cating that the blood volume of the patient was
95 per cent of the mean normal for a man of his
size.

ESTIMATION OF WHOLEBLOOD VOLUME FROM

CHANGEIN HEMOGLOBINCONCENTRATION
OR HEMATOCRIT(PROCEDUREB)

Valentin in 1838 (6) is given credit by Erlanger (7) for
first pointing out that one can estimate the blood volume
by the following formula:

(4) VB1 = V. ( Hb2)

VBI and V. have the same significance as in Equations
1 and 2.

Hb1 = hemoglobin concentration before infusion.
Hb2 = hemoglobin concentration after infusion.

For Hb1 and Hb2 in Equation 3, one can substitute
hematocrit values, provided the cells do not swell or shrink
during the infusion.

EXPERIMENTAL

I. GENERALPROCEDUREOF EXPERIMENTS

First, a preliminary sample of blood was drawn from the
right arm. This sample served two purposes: (1) De-
termination of the hematocrit value, used to calculate
whole blood volume from the dye-estimated plasma vol-
ume. This hematocrit value was estimated from the
specific gravities of the whole blood and plasma determined
by the copper sulfate method. (2) Preparation of a refer-
ence solution of dye in plasma for photometric comparison

with the plasma drawn after dye injection.
After drawing the preliminary blood sample, a measured

volume of dye solution was injected into a left arm vein,

and after 5 minutes 6 either one or two samples of blood
were drawn from the right arm for estimation of dye con-
centration in the plasma.

The last sample drawn for dye determination served to
determine also the pre-infusion specific gravity, GB1, of
the blood before infusion of plasma or albumin solution.

Within 15 minutes after the blood sample for GB1 was
drawn, infusion of plasma or albumin solution was begun.
The infusion rate varied from 30 to 90 ml. per minute, and
the volume infused varied from 1200 to 1500 ml. Within
5 to 15 minutes after the infusion was completed a sample
of blood was drawn to determine the post-infusion specific
gravity, GB2. GB1, GB2, and G. provided the specific
gravity data for estimation of blood volume by Pro-
cedure A.

In order to obtain check determinations of blood volume
by Procedure B, samples of bloods B1 and B2 were cen-
trifuged and plasma specific gravities, in addition to whole
blood specific gravities, were determined. From the
specific gravities of whole blood and plasma of each sample
the hemoglobin concentration was calculated, as previously
described (1).

II. ESTIMATION OF PLASMAVOLUMEAND

WHOLEBLOODVOLUMEBY

THE DYE METHOD

Estimation of.the blood volume from the dilu-
tion in the plasma or a known amount of injected
dye, T-1824, and from the true cell volume
(hematocrit corrected for the "trapped plasma")
gives reproducible values for blood volume,
which from comparison with blood volumes
determined by the carbon monoxide method
and other procedures, appear to be within 4h5
per cent of the true volume of circulating blood
(5, 6). Because of ease of procedure, the dye
method was selected for comparison of the re-
sults obtained by the copper sulfate method in
Procedures A and B.

Reference solution. To serve as standard for photo-
metric dye measurement, a reference solution of dye in the
patient's plasma was prepared in such a manner that the
dilution of the dye was equal to the dilution that would be;
obtained if the same amount of dye were injected into a
subject with a plasma volume of 5 liters. Thus, of the
identical approximately 0.4 per cent dye solution to be
injected, a volume equal to that injected (ca. 5 ml.) was
diluted to 1000 ml. with 0.9 per cent NaCl solution, and
one ml. of this dilute solution was mixed with 5 ml. of
undyed plasma from the preliminary blood sample. The
use of this reference solution to determine DR (see Equa-
tion 5) automatically corrected for the change in extinction
coefficient which T-1824 undergoes when dissolved in

6 The assumption that mixing is complete in 5 minutes is
validated in the following references (7 to 11).
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plasma (14). Also, preparation of the reference solution
from the identical dye solution used for injection elimi-
nated error from concentration differences of dye in differ-
ent ampoules, and eliminated the necessity of determining
the extinction coefficient.

Measurement of equal portions of dye solution for reference
solution and for injection. The technique used required
the use of two exactly equal portions of approximately 5 ml.
of 0.4 per cent aqueous dye solution from the same ampoule
of dye which had been sterilized by autoclaving. One
portion was for intravenous injection into the patient,
and the other for preparation of the reference solution.
For measuring the two portions, a 10 ml. graduated syringe
was used. This was calibrated as suggested by Gregersen
(15) by marking the plunger with a line that permitted
deliveries of identical volumes of approximately 5 ml. of
solution. Exact duplication of the same volume rather
than exact measurement of 5 ml. was required.

Injection of dye. The same volume of 0.4 per cent dye
solution (ca. 5 ml.) used in preparing the reference solution,
was injected into the left antecubital vein. Five minutes
after the dye injection was finished a second sample of
blood was drawn, from the right arm. Usually a third
blood sample was drawn 10 minutes after the dye injection,
for a check determination of the dye concentration.

Comparison of optical density of dye in post-injection
plasma with density in reference solutions. Both optical
densities were measured with a Coleman Junior spectro-
photometer, using light of 620 mr/ wave length, matched
cuvettes of approximately 19 mm. diameter, and a water
blank.

Cakuk&tions. Plasma volume was calculated by Equa-
tion (5).

(DR - a
(5) Plasma volume (liters) = S D- a)

DR indicates the optical density of the reference solution.
Dv indicates the optical density of the subjects' plasma

(plus 0.2 volume of saline) after the dye injection.
a indicates the optical density of plasma constituents

other than the dye.
The value of a (Equation 5) was usually determined in

a preliminary analysis as the optical density of a mixture of
5 ml. of undyed plasma (from the subject's preliminary
blood sample), and 1 ml. of 0.9 per cent NaCl solution,
water being used as the blank.

In some cases the preliminary blood sample did not
yield enough plasma for the two 5 ml. samples required to
prepare the reference solution and to determine the a
as above described by comparison with water. In such
cases a was determined by a procedure based on the as-
sumption that the extinction coefficient of the dye was the
same in the plasmas of all the patients. (This assumption
was confirmed by repeated tests.) Undyed plasma from all
patients which was left over after other plasma analyses,
was pooled. Optical densities were determined on the
following: (I) Five ml. of pooled plasma mixed with 1 ml.
of the diluted dye (ca. 5 ml. 0.4 per cent to 1000 ml.). (II)
Another S ml. portion of the pooled plasma mixed with
1 ml. of 0.9 per cent NaCl solution. (III) The reference

solution prepared with the patient's plasma. The differ-
ence (IV) in optical density between (I) and (II) thus
represented the optical density due to the dye when the
measured amount was dissolved in a mixture of 1 ml. of
salt solution and 5 ml. of plasma. (V) This difference was
subtracted from the optical density of the patient's
reference solution to obtain a, the density due to plasma
constituents. This procedure was found to give the same
a values as did the direct measurement of a.

The measurements and subtractions involved in the
above steps may be indicated as follows:

(I) = Ddye in any plasma + aPooled plasma
(II) = apoold plasma

(III) = Ddye in any plasma + apatient's plasma
(IV) = (I) - (II) = Ddye in any plasma
(V) = (III) - (IV) = apatient's plasma

The whole blood volume was calculated as

(6) Whoeblood volume = 100 Plasma volume ]
(100 - true cell volume)

The "true cell volume" (ml. of cells per 100 ml. of whole
blood) used in Equation 6 was estimated from the hema-
tocrit number. The hematocrit number calculated from
blood and plasma specific gravities (1) has been found to
include with the cells some 4.5 per cent of "trapped
plasma." True cell volume was therefore calculated by
multiplying the copper sulfate hematocrit value by the
factor 0.955.

III. ESTIMATIONS OF WHOLEBLOODVOLUMEBY

SPECIFIC GRAVITY PROCEDURESA AND B

Procedure A was carried out as described in
the first part of this paper. For Procedure B,
portions of the heparinized blood samples drawn
before and after infusion of plasma or albumin
solution, were centrifuged, and plasma specific
gravities were determined. The hemoglobin
concentrations were estimated, from whole blood
and plasma specific gravities, by the nomogram
of Phillips, et al. (1), and used for calculation of
blood volume by Equation 4.

The plasma and albumin solutions for infusion
were made up to have specific gravities approxi-
mately equal to that of the patient's plasma.
The specific gravities were thus adjusted, because
in some instances the patients were dehydrated
while others had depleted plasma proteins and
it was desired to minimize the error from such
abnormalities (footnote to page 2). The solu-
tions were prepared by so diluting either lyo-
philized solid plasma with water, or 25 per cent
human albumin solution with 0.9 per cent sterile
NaCl solution, that the specific gravity of the
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solution to be infused, determined by the copper
sulfate method, approximated the specific gravity
of the plasma of blood drawn from the patient
on the preceding day. Because albtimin has
greater osmotic activity per gram than the
plasma globulins, the albumin solutions in-
jected were presumably of somewhat greater
colloidal osmotic activity than the patient's
plasma, but the results indicated that the differ-
ence was not enough to cause significant hemo-
dilution by drawing in extravascular water before
the post-injection sample of blood was taken.

Example of experiment and calculations: (Patient 1014-
27 February 1945. Weight, 123k lbs., Height, 66i inches,
Surface Area, 1.64 M2.)

(1) 5.4 ml. T-1824 injected into 100 ml. volumetric
flask and made up to 100 ml. with 0.9 per cent solution of
NaCl.

(2) Ten ml. of (1) diluted to 100 ml. with 0.9 per cent
solution of NaCl, forming a 1:1000 dilution of dye.

(3) 11:04 a.m.-Twenty ml. of blood withdrawn from
patient and transferred to a 20 ml. lusteroid tube contain-
ing 1 mgm. heparin (B.).

(4) 11:05:30 a.m.-Identical volume of dye used in (1)
injected intravenously into patient's left arm.

(5) 11:11 a.m.-Fifteen ml. of blood for sample B,
drawn.

(6) 11:13 a.m.-Infusion of human plasma started.
(7) 11:56 a.m.-Infusion of 1200 ml. of plasma com-

pleted.
(8) 12:10 p.m.-Blood sample B2 drawn.
(9) Analyses.

Optical densities.
Optical density
at 620 mtp with
HSOas blank

a. 5 ml. Plasma from B.
+ 1 ml. 0.9 per cent NaCl 0.328

DR. 5 ml. Plasma from B.
* + I ml. of 1:0O dye (2) 0.678

Dv. 5 ml. Plasma from B1
+ 1 ml. 0.9 per cent NaCl 0.837

Specific gravities.

Whole Plasma
Tec

mple bspecific specific True ce
gravity gmvity vou

1200 ml. of in-
fused plasma 1.0238

B1 1.0510 1.0222 36.8
B1 1.0462 1.0230 30.0

Grams
!11 Hb per
e 100 ml.

blood

13.05
_ 10.63

(10) Calculations of results by dye method.

Plasma volume (Equation 5) = 5000 (D' a

=50(0.678 - 0.328_5000 (068 038)= 3440 ml.
k0.837 - 0.328)=34ml

Whole blood volume (Equation 6)

100 3440 1 5450 ml.
100 - 36.8/

Plasma volume per square meter surface area
3440- 1.44 = 2100 ml. per M'.

Whole blood volume per square meter surface area
5450

= 1.64 = 3320 ml. per M2.

(11) Comparison of results by three methods.

Method of
measurement

Dye method
Procedure A
Procedure B

Whole blood
volume in
ml. per M'.

3320
3420
3220

Whole blood
volume as

percentage of
value by dye

method

103
97

RESULTS OF PRESENTBLOODVOLUME

ESTIMATIONS

Table I compares the whole blood volume as
estimated by the dye method (column m) with
the estimations made by Procedure A (column n)
and Procedure B (column o) in 8 patients with
typhus fever. The values obtained by Proce-
dure A are expressed as percentages of the values
obtained by the dye method in column p; the
agreement with results by the dye method is
within :=13 per cent. Comparable agreement
with the dye method (column q) was obtained
by Procedure B. The average of blood volumes
found in the 8 subjects was almost the same by
each method (columns m, n and o), showing that
plus and minus deviations of Procedures A and
B from the results of the dye method were
about equal.

BLOODVOLUMESCALCULATEDFROMDATA OF

LOWELL, COURNAND,AND RICHARDS (16)

Through the courtesy of Drs. Alice Lowell,
Andre Coumand and Dickinson W. Richards, we
are able to include the data in Table II. In this
table the blood volume estimated by the dye
method is compared with the blood volume
estimated from the change in hematocrit (Pro-

267



PHILLIPS, YEOMANS,DOLE, FARR, ANDVAN SLYKE

cedure B). The hematocrits were obtained by
centrifugation and no correction for trapped
plasma was made. These patients were all in
shock at the time the albumin was injected.

The data serve to show the nature of the error
in calculated blood volumes that can be caused
when the infused plasma or albumin solution
differs greatly from the patient's plasma in
colloidal osmotic pressure. The first 3 patients
received albumin solutions with colloidal osmotic
pressures markedly above that of normal plasma,
while patients 4 to 9 received 5 per cent albumin,
of approximately the pressure of normal plasma,
and patients 10 to 12 received hypo-osmotic
solutions.

The time relations concerning the injection of
infusions and the drawing of the blood samples
were such as to give osmotic abnormalities in the
infused solutions opportunity to cause greater
error in the calculated blood volumes than would
be permitted by the timing prescribed in this
paper. The duration of the infusions varied
from 30 to 60 minutes, which was longer than in
the patients of Table I; and the time elapsing
between completion of the infusion and the
subsequent drawing of blood for the post-infu-
sion hematocrit averaged over 30 minutes,
instead of the 5 to 15 minutes prescribed in this
paper.

From the results with isosmotic colloidal
solutions in Table II (patients 4 to 9), it appears
that Procedure B, and by analogy Procedure A,
can be used to estimate the blood volume of
man in shock if a solution of approximately
isosmotic colloidal pressure is infused. Pre-
sumably if the post-infusion blood samples had
been drawn 5 to 15 minutes after the infusions
were completed, instead of 30 or more minutes
afterwards and exact hemoglobin concentrations
had been measured instead of hematocrits, the
blood volumes estimated by concentration
changes would have been still closer to the
volumes estimated by the dye method.

RELATIVE EFFECTS OF DIFFERENT SOURCESOF

ERRORIN BLOODVOLUMEMEASUREMENTS

BY THE SPECIFIC GRAVITY METHOD

Volume of injected solution. As seen from
Equation 1, the error in estimated blood volume
VBi is directly proportional to the error in

measuring the volume, V., of injected plasma.
Under ideal conditions, V. should be capable of
measurement within +-1 per cent. Under the
conditions in Cairo, where the data of Table I
were obtained, the error in measuring the volume
injected was estimated to be no more than 5
per cent. The plasma and albumin solutions
were made up in 500 ml. bottles, graduated at
50 ml. intervals. Consequently, when 1200 to
1500 ml. of plasma or albumin solution were in-
jected, three such bottles were used. The
plasma or albumin was infused through a stand-
ard infusion set with minimal loss of the infused
solution. It is believed that the measurement
of the solutions delivered from each bottle was
accurate within 4:25 ml., or 45 per cent. An
error of 5 per cent in measurement of infused
solution would cause an error of 5 per cent in the
blood volume measurement.

Errors in specific gravity. With the infusion
of 1500 ml. of plasma, errors of 0.0002 in G.,
GB1, and GB,, would cause an error of about 8
per cent in the blood volume calculated by Equa-
tion 2, if the errors were all in such directions as
to make their effects on the estimated blood
volume additive, and the correct blood volume
were 6 liters. If the injected plasma volume
were decreased to 1000 ml. the error in estimated
blood volume would be raised to I11 per cent.
If only 500 ml. of plasma were injected, the error
would be 420 per cent. If the subject's blood
volume were less than 6 liters, the errors would
all be less, because the changes in blood specific
gravity caused by the plasma infusions would be
greater, and vice versa. It should be noted,
however, that the chance that the errors in all
three specific gravity determinations may be in
the direction to cause additive effects on the
estimated blood volume is only 1 in 8, so that in
practice maximal error in blood volume estima-
tion would not be frequently expected.

Probability of errors from other sources. The
sum of the maximal errors due to measurement
of volume of infused fluid and to measurements
of specific gravity in the data of Table I, is
estimated above at 5 + 9 = 14 per cent. The
error attributed by Gregersen (12, 13) to the dye
method is ±5 per cent.. One would, therefore,
expect, from errors in the gravity method, and
the ±t5 per cent error of the dye method, a maxi-
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mumdeviation of 14 + 5 = 19 per cent between
blood volumes measured by specific gravity and
by dye. The maximum deviation of blood volume
estimates by Procedure A from volume estimated
by the dye method, in the experiments of Table I,
was 13 per cent. The fact that the maximal
observed deviation was. 13 per cent, is an indica-
tion that no serious sources of error, other than
those of measuring V. and the specific gravities,
affect the estimation of blood volume by the
specific gravity procedure.

SUMMARY

A simple rapid method for estimating the blood
volume based on the change in blood hemo-
globin content or specific gravity effected by the
infusion of a known volume of plasma is pre-
sented, together with a line chart which facili-
tates the calculation.

Data are given which validate the use of this
method and the sources of error are discussed.

The authors wish to take this opportunity to thank Dr.
M. A. B. Demardash Bey, Director of the Cairo Fever
Hospital, for his interest in our studies and for the facil-
ities which he placed at our disposal.
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