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In the investigation of many clinical problems
the determination of changes in the plasma and
total blood volume occurring either rapidly or
over long periods is of considerable interest.
Since the introduction of the dye method by
Keith, Rowntree and Geraghty in 1915 (1),
several authors: Griesbach (2), Seyderhelm and
Lampe (3), Heilmeyer (4), H. P. Smith, (5, 7),
Graff and Clarke (6), Uhlenbruck and Leyen-
decker (8), Brockmann (9) and Sunderman (10)
have emphasized the unreliability of the original
method for clinical uses. In 1935 Gregersen,
Gibson and Stead (11) summarized the errors
inherent in the earlier methods and developed
a method (12) employing the blue azo dye
““T-1824" recommended by Dawson, Evans and
Whipple (13) determining the dye concentra-
tion of samples with the spectrophotometer.
In this paper we will describe a modification (14)
of this method used by us for investigation of
clinical problems and discuss the method in light
of our experience therewith.

METHODS

The dye solutions used are so opaque that the
head of the plunger cannotbe seen when thesyringe
is filled. Lines are engraved on the plunger of
a 10 cc. glass tipped syringe near the head and
on the barrel near the open end in such a way
that when these lines are opposed, the head of
the plunger is opposite the 10 cc. graduation on
the barrel. Each syringe is calibrated by weight
of distilled water contained when filled to the tip.
Accurate delivery of dye in amounts from 3 cc.
to 10 cc. is thus assured. Blood for serum is
delivered into 6 cc. pyrex tubes, a light coating of
thin liquid petrolatum being used to prevent
adherence of the clot to the tube.

Hematocrit tubes are calibrated to contain
4 cc. and graduated into ten volumetrically equal

divisions numbered 1 to 10 from the bottom of
the tube; these divisions are further graduated
by linear measurement into 10 equal subdivi-
sions. A 1.5 per cent aqueous solution of
recrystallized potassium oxalate is used as an
anticoagulant, the tubes being filled to the
graduation numbered 2. Blood is run directly
from the syringe into the tubes to the graduation
numbered 10, and mixed with the oxalate by
inversion.

All syringes used for the withdrawal of blood
must be dry. Needles, syringes, etc., are
sterilized by autoclaving.

Preparation of dye solutions and determination of
standard values

The same lot of T-1824 has been used through-
out our investigation. This dye now called
‘“Evans Blue,” after Dr. H. M. Evans, was ob-
tained from the Eastman Kodak Company. It
is free from impurities, and is the same used by
Dawson, Evans and Whipple (13) in 1920, as
proved by its identical spectrophotometric ab-
sorption curve. It has the following structural

formula:
NH, OH
SOaNa/\/\——N=N—§ N >—
I
w CH3 CHs -
SO;Na
OH NH,
—N=N—®503Na
SOsNa.

Dye solutions are made up in freshly distilled
water and filtered through a Jena sintered glass
filter type 3-G-3. Neutral glass ampoules are
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filled with 5 cc. or 10 cc. amounts, sealed and
autoclaved. Solutions are not buffered. Pre-
pared in this way no precipitation has been ob-
served over periods of a year. A fresh ampoule
is opened for each determination.

Standards are prepared in concentrations as
shown in Table I. A fresh ampoule is opened
for each standardization. A dye free serum
blank for spectrophotometric reading is pre-
pared by adding 0.2 cc. of normal saline to 1.8
cc. of clear serum.! An initial dilution in 0.85
per cent saline of the dye used for injection to
one-tenth of the final dilution is made, and
standards are prepared in triplicate by adding
0.2 cc. of the initial dilutions to 1.8 cc. of the
same serum used in making the blank. The ac-
cepted value is taken as the average of the
spectrophotometric readings of the three stand-
ards at wavelength of 6200 uu using cells 20 mm.
in depth.

Table I shows the standard values obtained
for 9 lots of dye so prepared. The variations
encountered in individual standardizations, being
about plus or minus 1.5 per cent, are within the
limit of error of the technique for making up
standards and of spectrophotometric reading.
The optical properties of the dye are constant
when prepared in the manner described. This
procedure eliminates the preparation of a stand-
ard for each determination, the standard value
for each lot of dye being used for the calculation
of plasma volume in all determinations made
with that lot.

PROCEDURE

All studies are carried out with patients under basal
conditions. In many instances, blood volume determina-
tions were accompanied by measurements of venous
pressure by the direct method described by Evans (15)
and blood velocity rates by the intravenous injection of
‘“ Decholin ”’ as described by Winternitz, Deutsch and
Briill (16).

Single volume determinaiion

A vein in the antecubital region 2 is punctured, and 7 cc.
of blood is withdrawn for the dye free sample and a hema-
tocrit. Stasis must be avoided. The dye is then injected

1 For the 0.2 cc. amounts Van Slyke capillary pipettes
delivering between the lines were used, and Ostwald
pipettes made to deliver between lines for the 1.8 cc.
amount. Stohl tips gave additional convenience.

2 If venous pressure is measured before the volume deter-
mination the needle employed therefore may be used for
this sample, and for dye injection.

JOHN G. GIBSON, 2ND, AND WILLIAM A. EVANS, JR.

TABLE I
Standard values of dye solutions

Solu- Dilu-| AD a |Change
tion Concen- Date of tion of| 6200 uu | from
num- tration standardization dyein|20 mm. | initial
ber serum| cells | value
per cent

D 0.3% |September 18, 1935(1/500] 1.0017
in HyO [September 24, 1935 1.0135f 4-1.18
October 10, 1935 1.0131| +1.13

G 0.3% |December 3, 1935/1/500] 0.9898
in H,O [January 5, 1936, 0.9852| —0.47

K 0.3% |January 5, 1936{1/500] 0.9805
in H:O |April 31, 1936 0.96721 —1.36

F 0.159% |December 3, 1935/1/200] 1.2335
in 0.85%]|January 5, 1936 1.2088| —2.00
saline |October 9, 1936, 1.2336{ 0.01

J | 0.15% |January 5, 1936/1/200] 1.2184
in 0.85%|March 24, 1936 1.2170| —0.12
saline |October 9, 1936 1.2382| 4-1.67

L 0.15% |March 24, 1936(1/200§ 1.2332
in 0.85%)April 31, 1936, 1.2126| —1.67
| saline |October 9, 1936 1.2390| 4+-0.47

M 0.15% |June 8, 1936{1/200| 1.2180
in 0.85%|June 28, 1936 1.2204{ 4-0.19
saline {July 20, 1936 1.2190{ 4-0.10
August 3, 1936 1.2274] 40.77

Q 0.1% [November 10, 1936|1/100{ 0.822
in saline {December 18, 1936, 0.820 | —0.24

P 0.05% |September 30, 1936/1/50 | 0.821

in saline [November 25, 1936 0.822 | 40.12

through the same needle, in from thirty to forty seconds,
and the syringe is rinsed with blood two or three times to
insure delivery of all the dye. This needle is then removed
from the vein and discarded.? An amount of dye approx-
imating 0.002 mgm. per kgm. of body weight is given. A
stop watch is started at the beginning of the dye injection,
and subsequent samples are timed to the nearest ten
seconds. Blood for serum samples and hematocrits are
then taken at four or five minute intervals starting ten
minutes after the beginning of dye injection, a fresh syringe
being used for each sample. These samples can be taken
through the same needle, clotting being prevented by
injecting small amounts of saline between withdrawals.
Dilution of samples with saline is prevented by drawing
back blood into the saline delivery syringe before each
sample is taken. Three or four hematocrits are obtained
at regular intervals. A total of 30 to 50 cc. of blood are
required for each determination. When sampling is

2 Blood samples should never be taken through the
needle used for the dye injection, as in our experience it is
impossible to completely rinse all the dye from the hub or
lumen of the needle even with repeated washing with
blood or saline. All samples so withdrawn will have
erroneously high concentrations of dye.
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complete the blood velocity rate may be determined, the
decholin being injected through the same needle used for
sampling.

After clot retraction is complete, samples are centrifugal-
ized for five or ten minutes at 2000 r.p.m. The serum is
pipetted off and again centrifugalized to completely free
it from cells.

Hematocrits are centrifugalized at 3000 r.p.m. for thirty
minutes. Corpuscular volume is calculated by the
formula:

Reading of packed cells .
Reading of fluid level — 2.0

Per cent cells =

The dye concentration of serum samples is determined
with the Koenig-Martens spectrophotometer. Detailed
discussion of the use of this instrument is beyond the scope
of this paper; our procedure is as follows.

The absorption cells used are of fused quartz, made in
matched pairs with optically ground faces, 20 millimeters
in depth. These cells can be emptied with a fine pipette
so completely that rinsing between samples is unnecessary.

The spectrophotometer ¢ is provided with a revolving
photometer head on the circular scale of which the angular
reading obtained when the image fields are matched is
read. The imtial setting with both cells when empty is
such that the angular reading is forty-five degrees. The
instrument is set to read at the wavelength 6200 uyu, the
point of maximum absorption of serum solutions of Evans
Blue. One cell is then filled with the dye-free and the
other with the dyed sample ten readings are taken and
averaged, the position of the cells is reversed and ten
more readings taken and averaged. The angular readings
obtained before and after reversal of the cells will be less
than or greater than forty-five degrees depending upon the
position of the cell containing the most opaque (dyed)
solution. The dye concentration of the samples is then
calculated in terms of the net optical density (AD) accord-
ing to the formula:

AD = log cotangent / < 45° + log tangent /£ > 45°.

With the instrument properly aligned the logarithmic
values of the two angular readings will be equal.

The AD obtained for each sample is recorded and
plotted on cotrdinate paper and the disappearance slope
extrapolated to the ordinate as shown in Figure 1. The
volumes are then calculated according to the following
formulas:

Pl:itsma volume C X ADSt. X D
in cc. = DU
C = the number of cc. of dye injected (taken
as the calibration value of the syringe
used),

’

where

4 Made by Macalaster Bicknell Company, Cambridge,
Mass.

§ We have used the Koenig-Martens spectrophotometer
made by Schmidt and Haensch, Berlin, Germany.
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D = the dilution of the dye solution used at
which the standard value was deter-
mined,

AD St. = the AD of the standard of the dye solu-
tion used, as determined in cells of
the same depth as used for obtaining
ADU,

ADU = the AD obtained by extrapolation of the
slope of disappearance, as determined
from the samples, to intersect the
ordinate,

Total blood Plasma volume

1 incc. = 100.
volume in ¢ 100 — per cent of cells X

The value used for the per cent of cells
is the average of the values of all the
hematocrits taken.

Red cell
volume in cc. = total blood volume—plasma volume.
Due to the method of reading the hema-
tocrits to the top of the white cell
layer, the red cell volume as here used
includes the volume of the white cells.

Repeated and continuous determinations

For determining changes in plasma and total blood
volume in the same individual, two types of procedure are
available, termed by us the ‘“‘ direct ”” and * indirect "
methods. The direct method consists of repeated single
determinations in the same subjects at significant intervals,
carried out as described above. The amount of dye used
for each determination may be reduced if injections are to
be made at short intervals.

In the indirect method, the slope of dye disappearance
from the blood stream following a single injection is deter-
mined during a control period. The deviation in dye
concentration of serum samples taken during an ensuing
experimental period from the prolongation of the control
disappearance slope represents changes in the plasma

. volume: an increase or decrease in dye concentration of a

sample from that of a synchronous point on the disap-
pearance slope indicates a reduction or increase in plasma
volume respectively.

Changes in plasma and total blood volume occurring
during the experimental period are calculated by the fol-
lowing formula:

P.V. X AD sl.
PV, 2, etc. = —XDT ’
where P.V.;, 2, ete. = The plasma volume in cc. to be

calculated from the AD of serum
samples taken during the experi-
mental period,
P.V. = The initial plasma volume in cc.,

ADy). = Dye concentration value of point
on disappearance slope corre-
sponding to serum sample taken
during experimental period,

ADgy,. = Dye concentration of serum sample
taken during experimental pe-
riod,
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F16. 1. STANDARD PrOTOCOL FOR ROUTINE BLOOD VOLUME DETERMINATIONS

The method of extrapolation of the disappearance slope to obtain the optical density on
which the calculation of plasma volume is based, and the portions of the curve designated by
us ‘‘ mixing curve,” *‘ disappearance slope,” and ‘‘ mixing time " are clearly shown.

P.V., s, ete.
100 — per cent of cells

T.B.V.(, 2, ete. in CC. = X 100,

where
Per cent of cells = Hematocrit value of blood sample
from serum of which P.V.y, 3, ete.
was obtained.

A representative experiment of this type is illustrated
in Figure 2.

The indirect method lends itself to the study of changes
in plasma and total blood volume occurring over periods

of from a few minutes to several hours. When the experi-
mental period is short (30 to 60 minutes), a blood volume
is carried out in the usual manner except that blood
samples for determination of the disappearance slope are
taken over a period of time following the dye injection
approximately equal to the length of the experimental
period. When volume changes are to be followed over a
period of several hours the initial volume determination is
carried out 12 to 16 hours before the initiation of experi-
mental procedures, from 15 to 30 mgm. of dye being in-
jected. Patients are maintained fasting or on a light car-
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Initial volume

Plasma 2480 cc.
Red cell 1570 cc.
lOJ- Total 4050 cc.

N\

.

- W
——————
o . O

. Plasma
O'SJDZ['(I}(?M1 vlume in cc. Yolume = 2670c¢c.
2(90(;*}: o
=_2500

A50cc of 50F |
2400% L+, A Dextrose in, Saling i.v.
0 5 10 15 20 25 30 35 40 45 5% 5
Minutes after Dye Injection

FiG. 2. CHANGES IN PLAsMA VoLUME FoLLOWING RAPID INTRAVENOUS INJECTION OF 50 cc.

OF 50 PER CENT DEXTROSE SOLUTION IN CASE 141, FEMALE, AGE 20 YEARS

The control disappearance slope, from the extrapolated value of which the initial volume
is calculated and from the prolongation of which changes in volume are calculated is shown.

Repeated PV.
2580 ccé
itial Volume [ 21235 6*PM
12-11-35 42 PM. 12 Calculated PV.
PV. 2820 cc. 2560 cc.
,EJ.] . \o\lr
2 S
Stor el =G« yon
S 107 =
§ 1 " _‘\0_-0—.—.-
.6 ] | 1 1 | ] B ]
89 AM. 1 2 3 4 5 6 1T 8 9
Seum 2123 hours
mkﬁ')% 3000 Pasma volume ST el S -
@”gs 2500 :- I\ ¢ \"/.\-l
15 Rbc volume X(}' —~ — ]
o ZmG lo~ 1 1 1 1 i 1 -1 1

F1G6. 3. CHANGES IN PLAsMA AND RED CELL VOLUME DURING ARTIFICIAL FEVER
IN A PareTIic, CasE 128

The initial volume was determined on the afternoon of the day preceding the
experiment, about 16 hours before the zero hour on the chart. The control disap-
pearance slope was determined over two hours and changes in plasma volume
calculated from the prolongation of this slope and the initial plasma volume.
The extreme concentration of blood during induction of fever with a rapid dilution
following a large intravenous injection of 10 per cent dextrose in saline solution is
shown, as well as the close agreement of final estimated and redetermined plasma
volume at 10 hours. Red cell volumes were calculated from hematocrit and plasma
volume values.
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bohydrate diet during the entire observation period.
Twelve to 16 hours after dye injection 5 or 6 blood samples
for serum samples and hematocrits are taken at 20 to 30
minute intervals by separate venipuncture, for the deter-
mination of the control disappearance slope. The experi-
mental procedure is then initiated and blood for serum
samples and hematocrits is taken at significant intervals,
At the end of the experiment, another volume determina-
tion is carried out, from 8 to 12 mgm. of dye being injected.
Changes in plasma and total blood volume occurring
during the experimental period are calculated by the
formulae given above. The plasma volume estimated from
the dye concentration of the sample taken just prior to
the injection of dye for the final volume should equal the
final plasma volume. The amount of blood withdrawn
in this type of experiment varies from 100 to 200 cc. An
experiment of this type is illustrated in Figure 3.

CRITIQUE

Factors affecting the accuracy of
single determinations

A complete discussion of the principles under-
lying the accuracy of this technique will appear
elsewhere.® We are concerned in this paper
only with the value of the method as applied by
us to the clinical investigation of circulatory and
other problems in humans.

Colorimetry

Estimation of the dye concentration of plasma
or serum samples by means of the Dubosq
colorimeter has been shown by Griesbach (2),
Seyderhelm and Lampe (3) and Gregersen ® to be
unreliable. If the dye concentration of the
standard is less than that of the unknown, the
ratio between the readings of the standard and
unknown is too low, and the calculated plasma
volume falsely high; conversely, if the standard
is- more concentrated than the unknown, the
calculated volume is falsely low. With the
method herein described we have encountered
clinically plasma volumes from 950 cc. to 6000
cc. In determining plasma volumes within
this range with the Dubosq colorimeter, if the
same amount of dye is injected and the samples
are read against a standard of the same con-
centration in each case (as in the method em-
ployed by Keith, Rowntree and Geraghty (1);
Hooper, et al. (17); Wollheim (18); and Gold-
bloom and Libin (19)) large errors will occur.
In subjects with low plasma volumes the con-

¢ Gregersen, M. I. In preparation for publication.
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centration of dye in the sample will be greater
than that of the standard ‘and an erroneously
high volume value will be obtained, while the
reverse condition will be encountered in subjects
with large plasma volumes. Thus colorimetry
with the Dubosq instrument fails to reveal
extreme variations in plasma volume.

This type of error is eliminated with the
spectrophotometer, since the absorption cells
used are of equal depth, and the dispersion of
light in both is equal. Both cells contain the
same solvent (serum) in the same concentration,
the color value thereof being cancelled; and with
the instrument set at the wavelength of maxi-
mum absorption of Evans Blue in serum 6200 uu
(see Figure 4), the reading obtained accurately
determines the difference in color between dye
free and dyed samples due to the dye alone,

oxy-

OPTICAL HENosLOBIN

DENSITY

EVANS BLUE

4 A A $
Y80 Slo " 6¥0 s603M Sr¢ 620 650
WaveLenery
F1G. 4. SPECTROPHOTOMETRIC ABSORPTION CURVES OF
OxYHEMOGLOBIN (HuUMAN), BRILLIANT VITAL RED AND
EvaNs BLUE IN SOLUTION IN SERUM

These curves and those in Figure S were obtained with
the Recording Spectrophotometer of the Color Measure-
ments Laboratory of the Massachusetts Institute of Tech-
nology. The peak of the absorption curve of oxyhemo-
globin occurs at the wavelength 5§76 mm. with this instru-
ment, and at 574 mm. with the Koenig-Martens Spectro-
photometers used by us.
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No error due to residual dye is encountered when
repeated determinations are made at short
intervals, since here again both cells contain the
same concentration of residual dye, and the
readings obtained accurately measure the in-
crease in color in the samples taken after the
repeated dye injection due to that injection
only.

In our experience, small amounts of lipemia
do not produce inaccuracies as long as the degree
of lipemia remains the same in all samples, but
does result in uncorrectable errors if fat is disap-
pearing from the blood stream during the sam-
pling period.

Hemolysis of samples

Spectrophotometric absorption curves of
Evans Blue and oxyhemoglobin (Figure 4) show
that the absorption of hemoglobin at the wave-
length 6200 uu is little compared to its absorp-
tion at the wavelength 5740 uu, the point of
maximum absorption of oxyhemoglobin. Since
both dye and hemoglobin in solution conform to
the Beer-Lambert law, for any given degree of
hemolysis of a serum sample stained with
Evans Blue the per cent of error due to hemo-
globin diminishes as the concentration of the dye
increases. Thus if large amounts of the blue
dye can be injected, as in animal experimenta-
tion, the error due to even considerable hemoly-
sis is for practical purposes negligible.

Such large amounts of dye cannot be routinely
employed in humans because of the undesir-
ability of vital staining. With the amount of
dye used by us, AD values from about 0.4 to 1.2
are obtained and at these concentrations degrees
of hemolysis as sometimes encountered even
with careful withdrawal of blood may give rise
to errors of from 2 to 5 per cent. It is therefore
necessary in clinical investigation to have a
method for correcting for hemoglobin.

Three possibilities obtain: hemolysis of dye
free sample, dyed sample or of both samples.
We have determined the ratio of the optical
densities of oxyhemoglobin in serum solution at

5740 up and 6200 uu to be approximately 40 to 1; .

and that of Evans Blue in serum at the cor-
responding wavelengths to be 0.8 to 1.7

7 These studies were carried out with the recording spec-
trophotometer of the Color Measurement Laboratory of
the Massachusetts Institute of Technology through the
courtesy of Professor Arthur C. Hardy.
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Based on the correction method of Graff and
Clark (6) for oxyhemoglobin and brilliant vital
red, correction for hemolysis of either sample is
effected by the following formula:

Ky4d — B
D 2= Kh _ Kd »
where
A = The AD of the dyed sample read against the
dye free sample at 6200 ug,
B = The AD of the dyed sample read against the
dye free sample at 5740 ug,
H,and H, are the AD of oxyhemoglobin read against
its solvent hemoglobin free serum at
5740 pp and 6200 uu respectively,
D, and Dy are the AD of Evans Blue in hemoglobin free

serum read against its solvent at 5740 uu
and 6200 uu respectively,

K, = the ratio between the AD of oxyhemoglobin
in serum read against its solvent hemo-
globin free serum at 5700 uux and 6200 up,

K = the ratio of the AD of Evans Blue in hemo-
globin free serum read against its solvent
at 5740 up and 6200 uu.

The derivation of this formula is as follows:

(1) A=D2+Hg, or Hg'—'A—Dz.
(2) B=D1+H1, or H1=B—D1.

3) e = K» According to the Beer-Lambert Law con-
H, stant for any colored solution; we have
determined the value of this constant
to be 40.0.
D,

4) B-=Kd or D= K4 X D,.
2 We have determined the value of the con-
stant K4 to be 0.8.

o s g0 H] B - Dl
(5) Dividing (1) by (2), om-4-D,
B—
(6) Substituting (3) in (5), Ka = o2t
A —~ D,
B - K4D
(7) Substituting (4) in (6), Kj = ——=—*;
A — D,
or KhA-KLDI=B—K‘D3,

then
(8) K4-Dy— Ky-Ds =B — Kpd,
or Dy(Kq — Kj) = B — K4,
and

B — K4

Ki4d - B
Ks— Ky’

or D’=K5—Ka'

(9 D:=

This formula can only be applied when the dye
free or at least one of the dyed samples is hemo-
globin free. When the dye free sample contains
no hemoglobin, correction of all hemolyzed
dyed samples is simply made. When the dye
free sample is hemolyzed, a non-hemolyzed dyed
sample is read against it; the values thus ob-
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tained for 4 and B are used in the formula and
the corrected value for the dyed sample at
6200 up calculated. The difference between
the corrected value so obtained and the actual
reading at 6200 uu constitutes the error at that
wavelength due to the hemoglobin in the dye
free sample.

Should some samples in the series also be
hemolyzed, readings against the hemolyzed
dye free sample are taken at 6200 uu and 5740 uu
and the value determined for the error at 6200 uu
due to hemolysis of the dye free sample added to
the reading at 6200 up and the corresponding
value for this error at 5740 uu (forty times the
amount at 6200 up) added to the reading ob-
tained at 5740 upu, and these corrected values for
A and B are used in the formula.

The dye free sample may be so greatly hemo-
lyzed that the absorption at 5740 uu may be
greater in the dye free than in the dyed sample
in which case the value obtained for B must be
used as an algebraically minus quantity.

Mixing of dye in the blood stream

Methods in common use are based on the
assumption that injected dye is completely
mixed in the blood stream in all cases in from
three to six minutes and that there is no signifi-
cant loss of dye from the plasma during the
mixing period.

When samples are taken at three or four
minute intervals over a period of thirty minutes
after dye injection (see Figure 1), the dye con-
centration of successive samples falls rapidly at
first, gradually reaching a constant rate of
decrease. The initial rapid fall in concentration
is due to mixing of dye in the blood stream, and
this portion of the curve is termed by us the
“‘mixing curve’’; the subsequent portion in which
the fall in concentration is constant, the “dis-
appearance slope””; and the tangent point of
these two curves the ‘“‘mixing time.”

Mixing time is related principally to the
blood velocity rate as illustrated in Figure 6,
in which it is seen that the mixing time of
normals (as determined with 3 cc. to 10 cc. of
dye) falls within narrow limits, averaging 7.5
minutes; that of cases of hyperthyroidism is
more rapid; while in cases with velocity rates
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F16. 5. SPECTROPHOTOMETRIC ABSORPTION CURVES OF
HeMoLYZED SOLUTIONS OF EvaNs BLUE

(1) Oxyhemoglobin in solution in hemoglobin free
human serum read against its solvent. (2) Evans Blue
in solution in hemoglobin free human serum read against
its solvent. (3) Evans Blue in same concentration as (2)
in solution in serum containing the same concentration of
hemoglobin as (1) read against hemoglobin free human

serum. (4) Solution (2) read against solution (1).

o

greater than twenty-five seconds, the normal
average mixing time is exceeded; and that when
the velocity rate is very slow the mixing time is
greatly prolonged.

Figure 7 shows composite mixing curves in
four groups of cases: normal, hyperthyroidism,
moderate, and severe congestive heart failure.
Analysis of these groups shows the degree of
error to be encountered when the volume calcula-
tion is based on the dye concentration of a single
sample taken three minutes after dye injection,
as compared to the volume obtained by this
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method to be great. Since the dye is never
completely mixed in three minutes, dye concen-
tration of a sample taken at this time is always
too high and the error is always in the direction
of a falsely low volume. The average error in
these four groups is 7.5 per cent for normals,
2.4 per cent for hyperthyroidism, 15.7 per cent
for moderate and 19.6 per cent for severe con-
gestive heart failure.

Disappearance of dye from the blood stream

Dye is removed from the blood stream prin-
cipally by phagocytosis in the reticulo-endothe-
lial system. It is not found in the urine of
individuals with normal kidneys. We have been
unable to demonstrate by spectrophotometric
examination the presence of Evans Blue after
intravenous injection in the edema, pleural or
ascitic fluid of patients with congestive heart
failure; in the ascitic fluid of patients with cir-
rhosis of the liver; in the edema, pleural or ascitic
fluid of dogs rendered edematous by plasma-
pharesis; in the cerebrospinal fluid of a paretic
patient; or in the fetal cord blood serum or
amniotic fluid of a pregnant woman delivered by
Caesarean section.

While we have not attempted to recover
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Evans Blue from thoracic lymph, the observa-
tion of Smith (20) of the presence of brilliant
vital red, a related colloidal dye, in thoracic
lymph shortly after intravenous injection, indi-
cates that dye may diffuse into lymph during the
observation period. Plasma volume determina-
tions based on the dye concentration of a single
sample, even though taken when mixing is com-
plete may accordingly be in etror to the extent
of this loss into the lymph.

In the method herein described the plasma
volume calculation is based upon a value ob-
tained by extrapolation of the disappearance
slope to the time of injection. T'his gives the dye
concentration that would theoretically obtain were
all the injected dye to be mixed with all the circulat-
ing blood before any blood has been withdrawn
or any dye has disappeared from the blood stream.
This procedure minimizes errors due to diffusion
of dye into lymph, and variations in initial rate
of mixing in and disappearance from the blood
stream.

Hematocrit

The dye method is essentially for the determi-
nation of the plasma volume, and the validity
of the total blood volume calculation, based on
hematocrits, rests on the assumption that hema-

TABLE II
Repeated basal plasma and total blood volume determinations in individuals over varying lengths of time
Amount
- of Evans
Subject ment Date Age Sex | Weight | Blue given| Plasma volume | Total blood volume | Hematocrit
number intra-
venously
years kgm. mgm. cc. cc. perkgm.| cc. cc. per kgm.

W.A... 46A | June 23,1935 | 28 M 71.8 18 2985 41.6 5600 78.1 46.7
W.A... 46C | June 21,1936 | 29 M 71.6 9 3170 44.3 5540 774 429
A.H... 82A | September 18, 1935 | 30 M 62.7 10 2610 41.6 4620 73.5 43.4
A H... 82B | June 17,1936 30 M 63.3 15 2530 39.5 4480 70.8 43.0
}. M... 196A 1]._axmary 8,1936| 28 M 73.3 30 2760 37.7 5380 73.5 48.6
.M... 196B ebruary 19, 1936 28 M 71.0 30 2630 37.0 5110 719 48.6
}. S...... 198A | March 11,1936 | 43 M 62.8 30 2280 36.3 3950 62.7 42.2
Sl 198B | April 15,1936 | 43 M 61.7 30 2320 317 3740 60.5 31.7
J.B...... 202A | May 22,1936 | 44 M 68.7 30 3020 44.0 5400 78.6 43.0
J.B...... 202B | July 1,1936 | 44 M 72.5 30 3030 41.8 5320 73.3 43.0
L.S...... 86A | October 2,1935| 23 M 59.6 12 2340 39.2 4180 70.2 44.1
L.S...... 86B | October 9,1935| 23 M 60.2 10 2360 39.3 4200 69.8 43.9
{ G.G 1 November 7,1934| 37 M 72.6 10 3120 42.8 5530 76.3 43.8
.G.G... 2 November 14, 1934 | 37 M 72.6 10 3010 41.5 5340 73.6 43.7
J.G.G... 32A | May 26, 19351 37 M 70.4 12 2945 41.8 5350 76.0 41.8
J.G.G...| 132 December 19, 1935 | 38 M 69.5 15 3000 43.2 5280 76.1 43.2
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tocrit values obtained under basal conditions
from peripheral blood represent the true cell
concentration of blood throughout the body.
While there may be differences in corpuscular
volume of central and peripheral blood, we feel
that the differences observed in hematocrit
values as determined by this method are of
clinical significance.

Toxicity of Evans Blue

Gibson and Gregersen (21) in 1935 made
comparative studies of the toxicity of brilliant
vital red and T-1824 (Evans Blue) when ad-
ministered intravenously to growing male rats
and concluded that both dyes were non-toxic in
doses up to 20 mgm. per kgm. Our standard
dose of 0.002 mgm. per kgm. is 1/80th of the
upper limit of safe dosage, and about one-tenth
the amount of brilliant vital red (100 mgm. to
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150 mgm.) required by earlier methods. With
this amount of dye no gross vital staining or
immediate or late toxic or untoward effects have
been encountered by us in over 300 patients,
many of whom have been injected several times.

Factors affecting the accuracy of the direct and
indirect methods

The reliability of the direct method rests on the
assumption that the blood volume in the basal
state is constant. Findings in 7 normal indi-
viduals in whom volume studies under basal
conditions were made over periods of from a few
days to several months are summarized in Table
II. While it is possible that the plasma and
total blood volume varies somewhat from day to
day, the constancy of the volumes obtained in
these subjects under basal conditions leads us to
believe that by the direct method changes in
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F1G. 8. DISAPPEARANCE FROM THE BLOOD STREAM OF VARYING AMOUNTS OF INTRAVENOUSLY INJECTED
Evans BLUE IN 4 NorRMAL MALES

The rate of disappearance becomes practically constant from about 12 hours after injection on.

In

the curves of cases injected with 30 mgm. and 15 mgm. of dye the progressive fall in dye concentration of
serum from serial samples taken at short intervals is shown. Disappearance slopes constructed from these
points would be in excess of the prevailing disappearance slope for the 24-hour period.
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excess of 5 per cent of the plasma volume can be
reliably measured.

We have studied the disappearance from the
blood stream of varying amounts of intrave-
nously injected Evans Blue over 24 hour periods
in four normal subjects. They were at complete
bed rest and were maintained on a light carbo-
hydrate diet and given water as desired through-
out the observation period. An initial blood
volume, with different amounts of dye in each
case was carried out, and the disappearance of
dye from the blood stream thereafter was fol-
lowed by means of single or multiple blood
samples taken at 1 to 3 hour intervals. Results
are shown in Figure 8. Table III gives the rates
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hours later samples for determination of the
disappearance slope were taken by separate
venipunctures at 20 minute intervals for two
hours. The results of these studies are shown
in Table IV. The average determined rate of
disappearance during the 2-hour period, 16 hours
after dye injection in these 10 individuals is
2.20 per cent per hour, which compares well with
an average disappearance rate of 2.19 per cent
per hour for the 16 to 20-hour period in the 24-
hour group. (See Table I1I.) However, in some
instances (Experiments 135 and 229, Table IV)
the determined rate of disappearance is in excess
of the average hourly rate of disappearance from
the time of dye injection, a condition not in

TABLE III
Disappearance from the blood stream of intravenously injected Evans Blue in four normal males

Amount Plasma Hourly disappearance rate (per cent) Average
of Evans vol- Amount dis- Disap-
- Blue ume Blood cleared |InitialP appear- | peared
nmexll):r Date given drawn| o | 1| 2] 3] 46| 8/12|16|20| in24 | AD| ance | atl6
um intra- - to|to|to]|to]|to]|to]to]to]to]|to]| hours at 16 | hours
venously |[nitial| Final 1|23 4|6|8|12|]16|20]24 hours
mgm cc. | ee. cc per cent gg Ifo‘:‘r per cent
203 |May 27, 1936 30 3550 | 3160 | 220 |6.07|5.61|5.04{4.70] 4.11) 3.25] 2.69| 2.26| 2.06| 1.89] 52.5 1.365 2.75 44.1
46A |June 23, 1935 18 2985 | 2720 180 |5.63|5.28]3.82}3.33} 3.12| 2.73| 2.66| 2.49| 2.14{ 1.83] 49.8 | 1.083 2.54 40.7
202 ay 27, 1936 15 3020 | 2880 | 220 |7.12|6.48|5.83]5.16| 3.89| 3.37| 2.71| 2.64| 2.43|2.07} 56.0 .829 2.92 46.8
32A [May 26, 1935 12 2945 | 2680 185 13| 4.72{ 3.50| 2.72| 2.18| 2.12} 1.90 2.16{ 2.11] 2.08] 45.0 .760 2.15 34.5
Average 2.44{2.39|2.19] 1.97 53.3 2.59 41.5

of disappearance at various stages of the 24-hour
period. Evans Blue leaves the blood stream
very slowly and beginning 12 hours after injec-
tion the rate of disappearance may be con-
sidered constant for the purpose of the determi-
nation of control disappearance slopes.

The conformity of dye concentration of
samples taken over a 24-hour period in these
individuals to a smooth curve indicates that no
considerable concentration or dilution of the
blood occurs during the resting state. We are
unable to attribute any of the slight variations in
dye concentration of individual blood samples
from the predominant curve to the ingestion of
food or water, the elimination of waste products
or to sleep.

We have studied the rate of disappearance
during 2-hour periods 16 hours after dye in-
jection in 10 normal individuals under basal
conditions. For the initial volume determina-
tion, 24 to 30 mgm. of dye were used and 16

keeping with the finding of a constantly diminish-
ing rate of disappearance over the 24-hour
period. We believe these instances are evidence
of a circulatory change induced by the taking of
serial blood samples.

When blood samples are taken over a period
of from thirty to forty minutes through the same
needle or by repeated punctures a progressive
decrease in the cell volume percentage occurs.
Figure 9 shows the average per cent of decrease in
hematocrit values taking place over a period of
forty minutes, amounting to about 3 per cent,
as observed in 105 patients. The rate of de-
crease is at first rapid, becoming less after about
twenty-five minutes. A similar change in hema-
tocrit values and a fall in dye concentration of
serum was observed in serial blood samples
taken in the 10 cases listed in Table IV, in
general equal to the percentage of decline in
hematocrit values. This decline in dye concen-
tration was of such a degree that it could not
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TABLE IV
Disappearance from the blood stream of intravenously injected Evans Blue in 10 normal males 16 hours after injection
Average Deter-
Amount . A T
of Evans Initial Initial Elapsed pDe ;Iaaa b- disap- mined
Eﬂt’,‘?t Date Bllil:  Ziven|  plasma AD 16Ah¢?urs i :::c: . gincl;ce pefat?l:o;e gs%n;-
. venously injection injection i;.)l'nelceti%n pesal?;
mem. cc. per cent g:" m" g:r' lf::‘r
135 November 13, 1935 30 2970 1.703 1.101 15°20’ | 35.3 2.31 2.48
128 December 12, 1935 30 2820 1.740 1.110 15°48’ | 36.1 2.29 1.89
196 January 8, 1936 30 2760 1.805 .982 16° 19’ | 45.6 2.79 2.57
148 January 29, 1936 30 2380 2.060 1.293 16° 19’ | 37.1 2.28 2.42
200 April 1, 1936 24 2135 1.856 1.086 15°27' | 415 2.68 1.48
199 May 27, 1936 24 3230 1.263 796 | 14°42' | 36.9 2.51 2.20
202 July 1, 1936 30 3030 1.600 .830 16° 10’ | 48.1 2.97 240
219 }uly 8, 1936 30 3040 1.625 1.039 17° 26’ | 35.7 2.07 1.83
225 uly 22, 1936 30 2485 1.990 1.110 17° 26’ | 44.2 2.56 2.16
229 July 29, 1936 30 3260 1.520 .855 17° 28" | 43.7 2.53 2.56
Average 40.43 2,50 2.20
FRercenloge
of Znifio?
Hemalocrit
100
99 .
88
87
&§8

-9

T &-10

T10-15

L3

15 =20

MINUTES AFTER INITIAL

Fi16. 9. DECLINE IN HEMATOCRIT VALUES OBSERVED ON REPEATED BLOOD SAMPLING

R0-26

VENI PUNCTURE

R5-30

T 50-35 ' 35-70

The solid line represents the average value of hematocrits, grouped in five minute periods, obtained during routine
blood volume determinations in 60 patients with normal cardiovascular systems; the broken line the average values
The initial hematocrit is taken as 100 per cent in each case, and all

obtained in 55 decompensated cardiac patients.
samples were taken without stasis, either through the same needle or by repeated puncture.
hematocrits, 3 per cent, is beyond the limit of error of the technique and greater than can be accounted for by blood
withdrawn or the small amounts of saline (30 cc. in 40 minutes) injected to prevent clotting in the needle.

The average fall in
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represent actual disappearance of the dye from
the blood stream since it was in excess of the
average rate of clearance prevailing during a
corresponding period of the 24-hour curves
shown above.
phenomenon to occur in dogs (22). The effect
of this decline in dye values tends to make the
disappearance slope constructed from serial
samples falsely steep. This is clearly illustrated
in two of the subjects in whom dye clearance was
followed for 24 hours. Several groups of serial
samples were taken during the 24-hour period
and in each instance, as seen in Figure 8, the
slopes constructed from each group of samples
are steeper than the corresponding portion of the
24-hour curve.

We do not believe these declines in hematocrit
values and dye concentrations are due either to
stasis, because of the precautions taken to avoid
it; or to the injection of saline between with-
drawals, since a similar condition obtains when a
separate venipuncture is made for each sample.
A sudden dilution of the circulating volume as a
response to pain or hemorrhage would result in a
decrease in both cell volume per cent and dye
concentration but further studies indicate that
the opposite condition, namely, a decrease in the
circulating volume of both red cells and plasma,
occurs. When repeated determinations are made
in the same individual at short intervals, suc-

cessive plasma volumes tend to differ from the .

initial volume, the difference being greater than
can be accounted for by blood sampling. The
percentage of change in plasma volume equals
the percentage of change in the value of hemato-
crits taken during that volume determination.
Results in three experiments illustrating this
parallel in plasma volume change and hematocrit
values are given in Table V. These findings are
in keeping with the observations of Hemingway,
Scott and Wright (23), who noted a similar drop
in hemoglobin values and dye concentration of
successive samples taken after injections of
water blue in dogs; and of Chanutin, Smith and
Mendel (24), who observed a progressive fall in
hemoglobin values on repeated sampling.

This reaction is transient, and the volume of
circulating plasma and red cells tends to return
to the initial level, since the hematocrit and dye
concentration values tend to rise towards the end

We have observed the same -

4
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TABLE}V

Changes in plasma, red cell and total blood volume and
hematocrit values in repeated volume determinations
in the same individual at short intervals

Number Time Change Change
Sub- |of volume| between |Plasma] from | Hema-| from
ject deter- dye volume| initial | tocrit | initial
mination| injections value value
cc. | per cent per cent
W.A.E. 1 0 3140 44.6
2 27 minutes| 3000 | —4.5 | 42.5 | —4.6
3 54 minutes| 3065 | —2.7 | 43.0 | —3.6
W.C 1 0 3660 459
2 27 minutes| 3510 | —4.1 ] 439 | —4.4
- W. 1 0 3170 0 414
2 27 minutes| 3190 | +0.6 | 41.4 0

of a series of samples. The effect of this reac-
tion on the determination of disappearance
slopes can be minimized by taking samples over
a sufficient length of time. In our experience,
in the long indirect method, control disappear-
ance slopes should be based on at least five
samples taken at 20 to 30 minute intervals. The
optimal time after dye injection is from 12 to 20
hours, when changes in the hourly rate of dis-
appearance are negligible and the dye concen-
tration in the blood is still high enough for ac-
curate spectrophotometric readings.

Changes in the pigment content of serum
during the experimental period may affect the
accuracy of indirectly calculated plasma volumes
to some extent.

The average optical density at 6200 pu in cells
of 20 mm. depth of dye free serum as determined
in 20 normal men is about 0.1000. Since the
amount of dye injected in the indirect method is
such that optical densities in the neighborhood of
1.00 are obtained during the experimental
period, an increase of 10 per cent in the optical
density of the serum itself (due to increase in
pigment content), would result in an increase of
only 1 per cent in the AD of the dyed serum
read against the initial dye free sample. Errors
arising from this source can best be avoided by
maintaining subjects on fat free meals and are
so slight as to be negligible.

We have made extensive studies by the indirect
method of changes in plasma and total blood
volume occurring during diuresis, fever, exercise
and surgical operations. These conditions are
accompanied by marked physiological dis-
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turbances which might alter the rate of clearance
from the blood stream. No method of quantita-
ting such changes is available. However, since
the experimental period selected is one during
which the rate of dye disappearance is practically
constant and very slow, changes in disappearance
rate during an experiment will affect the ac-
curacy of calculations of plasma volume based on
the dye concentration of serum samples taken
during the experiment, very little. In over 30
experiments of this type, plasma volumes
calculated from the dye concentration of the
sample taken just prior to the injection of dye
for the repeated volume determination agreed
within 5 per cent with the redetermined plasma
volume.

SUMMARY AND CONCLUSIONS

(1) The application of a method for determi-
ning the plasma and total blood volume employ-
ing the blue dye Evans Blue and the spectro-
photometer to the investigation of clinical
problems is described.

(2) Colorimetric errors inherent in earlier
methods due to turbidity of plasma, lipemia,
residual dye in repeated determinations and
hemolysis of samples are minimized by the use
of the spectrophotometer, and a spectrophoto-
metric method of correcting for hemolysis is
described.

(3) Errors due to variations in dye mixing
time occurring in different clinical states, and
possible dilution of injected dye by lymph are
eliminated by calculating the plasma volume
from a value obtained by extrapolation of the
slope of disappearance of the dye from the blood
stream, as determined by multiple samples
taken over a period of at least thirty minutes
after dye injection, to the time of injection.

(4) By the “‘direct” method of repeated single
determinations, volume changes of clinical
significance in the same individual can be
reliably measured at frequent intervals. By
the “indirect method’’ changes in volume can be
continuously followed for periods of from a few
minutes to several hours.

(5) Certain factors affecting the accuracy of
the indirect method are discussed. A physio-
logical response to serial blood sampling con-
sisting of a transient and variable decrease in
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the circulating plasma and red cell volume
renders accurate estimation of the rate of
disappearance of dye from the blood stream
difficult. Experimental procedures may alter
the intrinsic color of the serum and rate of dye
disappearance.

We wish to express our thanks to Professor Henry A.
Christian for many helpful suggestions; to Professor Walter
B. Cannon and Professor A. Baird Hastings for the use of
spectrophotometers; and to Miss Evelyn Berstein for
technical assistance.
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