TRIPLE-TRACER TECHNIQUE FOR MEASURING
RED-BLOOD-CELL, PLASMA
AND EXTRACELLULAR-FLUID VOLUME
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The measurement of body-fluid parameters is
based on the dilution principle using appropriate
tracers that are distributed and diluted in the various
fluid compartments. The standard techniques for
measuring the two components that constitute blood,
red-cell and plasma volume use single tracers (1-4).

To simplify the technique for measuring blood
volume further and to eliminate variables such as the
red-cell distribution and F,, ratio which may arise
when a single tracer is used, we have developed a
dual-tracer technique in which both red-cell and
plasma volume are measured simultaneously on
whole-blood samples (5). In this technique each
component is measured by diluting an appropriate
tracer—red-cell volume with 5!Cr-labeled red cells
and plasma volume with !2I-labeled albumin. The
concentration of two tracers in whole blood is meas-
ured simultaneously in a dual-scaler analyzer (6).

The extracellular fluid compartment (ECF) is of
particular interest because it comprises a relatively
large volume of fluid (about 20% of body weight).
The major portion of this fluid volume (15% of body
weight) is found in the interstitial space where it
acts as a buffer zone between the intravascular and
intracellular space and represents a readily available
pool of fluid.

Tracers used to measure ECF volume must meet
three basic requirements: (1) The tracer should
diffuse freely across the capillary membrane; (2) it
should not penetrate the cellular membrane barrier;
and (3) it should have a relatively slow rate of
elimination from the system. Several tracers have
been used for this purpose (7-9). Radiobromine
82Br (10, 11), a gamma-emitting nuclide now being
used, has several shortcomings: it has a short half-
life (36 hr), it penetrates the cellular compartment
to a limited extent and it is excreted through the
gastrointestinal tract.

On the other hand, radiosulfate *3S, a weak-beta-
emitting nuclide (0.167 Mev), has a reasonably long
half-life (87.2 days) and seems to meet most of the
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requirements for measuring ECF volume. The meas-
urement of dilution volume expressed as sulfate
space approximates the actual ECF volume. The only
limitations for the widespread use of sulfate as a
measure of ECF volume are the technical prepara-
tions of liquid samples for radioanalysis.

To remove the need of using weak-beta-emitting
nuclides we introduced 7Se, a multi-gamma-emitting
nuclide with biologic properties closely resembling
sulfur, in an earlier report (12). Values obtained
for ECF volume measured as a selenate space closely
approximated ECF volume measured with sulfate.

Further studies with selenate in humans sub-
stantiated observations reported by Nelp (13) and
others (14, 15) that "Se tends to reappear protein-
bound in plasma. In normal individuals the rate at
which 78Se reappears protein-bound in plasma is
slow; for example, about 10% of the tracer is pro-
tein-bound in 40-60 min. At this rate the amount of
protein-bound 75Se does not significantly alter the
ECF volume. Nevertheless, in several cases and in
one particular patient, a young adult following a
total colectomy, 90% of the 7°Se administered ap-
peared to be protein-bound within 10 min. From
experience gathered in pathological conditions, the
rate at which "5Se reappears protein-bound in plasma
seems to be unpredictable. Attempts to block this
protein-binding process of 7Se by pretreating animals
with “cold” selenium (10-20 ng/kg) (16, 17) or
with sodium sulfate did not seem to alter the rate
of reappearance of *Se protein-bound in plasma. We
conclude at this time that *Se as selenate is a poor
substitute for sulfate for measuring ECF volume.

In view of these findings we redirected our efforts
to modify and simplify methods for radioanalysis of
35S. To analyze plasma filtrate containing 3°S, we
developed an anthracene cell placed in contact with
a photomultiplier tube which is connected to a scaler
(18). In addition, we developed a practical pro-
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cedure for measuring red-cell, plasma and ECF vol-
ume simultaneously using the three radioactive
tracers 5!Cr, 1] and %8 as sulfate, and we present
the results in this report.

PROCEDURE

Red-cell and plasma volume are measured simul-
taneously using two tracers: 5!Cr-labeled red blood
cells for red-cell volume and !2%]-labeled albumin for
plasma volume. Both tracers are mixed together in a
single plastic syringe and administered into an
accessible vein. Immediately after administration, a
premeasured volume of standard containing a known
quantity of 3°S (sulfate) is injected. The administered
activity of the 5!Cr-labeled red cells is approximately
0.3 uc/kg body weight; that of !25I-labeled protein
is about 0.03 uc/kg body weight and that of 35S-
labeled sodium sulfate is 1.0 uc/kg body weight.
Blood samples are drawn at 10, 20, 40, 60 or 80-min
intervals in heparinized syringes. Radioanalysis is
followed in two separate counting systems: a scintilla-
tion-detector system for the gamma-emitting 5!Cr
and '?° and the anthracene-cell system for the
weak-beta-emitting 3°S.

Counting *'Cr and '?°L. 5!Cr and %] are analyzed
simultaneously in a dual-scaler analyzer and a modi-
fied scintillation counter (Picker-Nuclear Twinscaler
II) (Fig. 1). The counter has two positions for
counting liquid samples in plastic syringes. The front
position, facing the 2-in. Nal(Tl) crystal, is for
measuring the standard. In this position the total vol-
ume of standard to be administered (7-8 ml) is
exposed to the crystal. The rear position, with an
opening through the crystal, is used for counting pre-
and post-mix blood samples. The samples are meas-
ured accurately to the 6-ml mark in plastic syringes.
The dual-scaler analyzer is standardized so that scaler
A with analyzer A is set for counting *!Cr and scaler
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ter used for measuring *'Cr and '®I.

B with analyzer B is set to measure 25I*. We obtain
less than 4% spillover of 5!Cr counting rate on the
125] Jevel. Since both tracers are diluted by ap-
proximately the same amount, the error introduced
by this low rate of spillover is negligible. We esti-
mate that an error of 40 ml can be expected if the
dilution volumes of 5!Cr cells and !2°I albumin differ
by 1,000 ml.

Measuring 2] together with 5!Cr presents certain
problems of coincidence, summation effect and ap-
parent spectral changes when geometry is changed
and samples are moved from the front to the rear
position. To overcome these difficulties, it is im-
portant to establish beforehand a geometric ratio
value between the front and rear well position for
the two tracers when they are used together. To do
this we perform accurate in vitro volumetric meas-
urements using approximately the same proportion
of 125 and 5!Cr that is normally injected to measure
blood volume in vivo. The 7-8-ml standard contain-
ing both 3!Cr and %3] is drawn into a 10-ml plastic
syringe which is placed in the front position of the
counter and analyzed with the dual-scaler analyzer.
The standard is then mixed with an accurately meas-
ured 4,000-ml volume of water. A 6-ml dilution
sample is drawn into a 6-ml plastic syringe that fits
the rear well, and the concentration of the tracers
is established after dilution. The front-to-rear ratio
(F/R) is calculated separately for each tracer from
the counting-rate values obtained on each channel
of the scaler (scaler A set for 5'Cr and scaler B set
for 125]) according to the following equation:

Ratio (F/R) =
4,000 X (Ct. of dilution sample — Bkgd.)

Count of standard — Residue in syringe
The final ratio for each tracer is established on an

* 9Cr settings: gain 1, lower level 300, window 40; **I
settings: gain 0.25, lower level 126, window 20.
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average of 5-10 in vitro experiments. Although the
F/R ratio for each tracer is stable, it should be
checked once a week.

Counting 3°S. The weak beta emitter 35S must be
measured in a separate detector system. Plasma
filtrate containing %S is prepared as follows. Plasma
is separated from red blood cells by centrifugation
and the plasma proteins are precipitated with 20%
trichloracetic acid (TCA) in a 1:1 ratio. The mixture
is shaken and centrifuged. The supernatant fluid,
designated as plasma protein-free filtrate, is removed
and checked for free !Cr and !?°I by placing the
filtrate in the scintillation-counting system. Plasma-
filtrate samples are then introduced into the specially
designed anthracene cell which is placed in contact
with a photomultiplier tube connected to a scaler.
The counting rate of 3°S in the sample is determined,
and the concentration of 3°S in the plasma filtrate
is obtained from the concentration curve established
by plotting known concentrations of 33S as functions
of counting rate (/8).

CALCULATIONS

The equations we used tc determine red-cell,
plasma and ECF volume are:

Red cell volume (Scaler A cts.) =
(Ct. of standard — Residue) X F/R X Hct%

Net count of sample

Plasma volume (Scaler B cts.) =
(Ct. of standard — Residue) X F/R X 1 — Hct%

Zero-time extrapolated net count of 2 samples*
ECF volume =

Standard injected (uc) X 0.87
Concentration of filtrate (uc/liter) X 2

The concentration of 23S in plasma is obtained by
multiplying the concentration of 35S in the filtrate
by 2 since the filtrate is a 1:1 dilution and is cor-
rected for one-half the plasma-protein content and
the Gibbs-Donnan effect. The product of these two
correction factors is 0.87. No corrections are made
for the rate of elimination of 23S because this is taken
into account when the concentration of 35S in the
samples is extrapolated to zero time on a semilog
scale when the dilution curve reaches equilibration.

PREPARING THE STANDARD

To prepare the standard we made a suspension of
washed red blood cells labeled with 5!Cr in 5-6-ml
normal saline to which 1-2 ml of !2°I albumin is
added. We then place the total volume of the inject-

* 10 and 20-min sample counts extrapolated to zero time.
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able standard (7-8 ml) in a 10-ml plastic syringe
for radioanalysis.

After a sterile stock solution containing 10 pc of
35§ per ml is prepared, multiples of 1 ml are drawn
accurately into calibrated glass syringes for injection.
Because 33S has a long half-life (87.2 days), the
standard is considered to contain 10 pc/ml for the
2-3 weeks the solution is available for use. Three
dilutions of 2, 5 and either 7 or 8 uc/liter are pre-
pared from the stock sterile standard in 100-ml glass
stoppered volumetric flasks for calibrating the anthra-
cene cell. These test dilutions are used to standardize
the cell while the injectable sterile stock solution is
available.

The cell is calibrated from the counting rate ob-
tained on each of the test dilutions. The standardiza-
tion curve for the cell is obtained by plotting the net
counting rate as a function of concentration in
uc/liter. The concentration of 3°S in puc/liter in
plasma filtrates is obtained from the standardization
curve and the counting rate of the samples analyzed.
Figure 2 outlines the steps involved in determining
red-cell, plasma and extracellular-fluid volume.

Figure 3 shows the rate at which 3S equilibrates
in plasma and compares this (Curve A) with the
concentration of the tracer in plasma filtrate (Curve
B). There is an initial fall in concentration in the
first 20-30 min. The curve does not flatten at the
20-min time interval but seems to decay gradually
at a slow rate. The variation in decay rate is due
to the rate of equilibration of the tracer across
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FIG. 3. Dilution curves comparing the rate at which S equili-
brates in plasma and plasma filtrates over a 24-hr period.

the capillary membrane with the interstitial-fluid
volume and the rate of elimination of the sulfate
anion by the kidneys. To obtain equilibrated values,
we often use the 40-60 or 40-80-min sample con-
centration in our extrapolation to zero-time concen-
tration instead of the 20-40-min concentration.

In Curve B the concentration of 3°S in plasma
filtrate is protein-free in 1:1 dilution with 20%
TCA. The two curves for plasma and plasma filtrate
run parallel for 24 hr. There seems to be no protein
binding of sulfur. The proportionally higher counting
rate encountered in the filtrate is due to the light-
quenching produced by plasma discoloration.

Table 1 shows duplicate measurements of red-cell,
plasma and ECF volume in five adult males while
Table 2 lists duplicate measurements in dogs. The
average values closely approximate the figures ob-
tained by Walser et al (7), and the average values
for ECF in humans is similar to the figures obtained
by Savoie et al (19).

DISCUSSION

To understand better the dynamics of shifts in
fluid and electrolytes between the intravascular and
extravascular compartment, one must measure the

available ECF volume. The value of measuring ex-
tracellular fluid volume can only be established if a
practical and relatively rapid technique is available
for routine use in conjunction with blood-volume
measurements. We believe that the triple-tracer tech-
nique described in this report is a reliable and
accurate measure of the two readily accessible fluid
compartments, ECF and intravascular-fluid volume.

The distribution of 35S as sulfate seems to be a
representative measure of the ECF volume. The
only drawback is the tedious and time-consuming
procedure for radioanalysis of weak-beta-emitting
radioisotopes. The complexities of the procedure are
considerably simplified by using the anthracene-cell
counter we have developed.

Whenever the dilution principle is used for meas-
urements, it is important to follow the rate of equili-
bration of the tracer with the volume of fluid being
measured by taking multiple blood samples (20).
For practical purposes, 10, 20, 40, 60 or 80-min
sampling is adequate. In hypotensive conditions and
in shock, however, the rate of equilibration is slow,
and samples must be drawn over a longer period of
time. On the other hand, the rate of transfer of the
tracer across the capillary membrane depends on
the available area of the capillary bed and the state of
the capillary membrane. We observed that equilibra-
tion of 3%S with the interstitial-fluid volume is fre-
quently delayed in apprehensive patients and in those
with a marked element of vasoconstriction. In
studying ECF one can infer that it is important in
each case to obtain and analyze multiple samples
to establish an equilibration curve.

At this time it is worth noting that although blood-
volume measurements may be within normal limits,
the interstitial-fluid volume may be contracted. Un-
der these conditions, the rate of hemodilution is slow
following blood loss and is related directly to the
amount of the available interstitial-fluid volume.

TABLE 1. HUMAN STUDIES
Weight Red cell Total blood Corr. Hct.
(kg) volume Plasma volume volume (%) ECF (ml) ECF (ml %)
C R C R C C R C R C R
10 2,935 2,842 4,572 4,594 7507 7,436 430 421 19,818 19,593 180 178
98 2,396 2,257 4,198 4,028 6,594 6,285 413 399 18,253 18,634 186 190
86 2,258 2,207 3,425 3789 5,683 5,996 426 404 18,071 17,626 210 205
71 1,907 1,841 3,346 3,132 5253 4,973 408 417 13,629 13,426 19.2 189
58 1,500 1,510 2489 2,438 3,989 3,948 413 413 11,357 11,146 19.6 19.2
Average: Average: Average: Average:
25.6 ml/kg 42.6 ml/kg 68.2 mi/kg 19.18%
C = Control study, first determi =R t study, d determi
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TABLE 2. STUDIES IN DOGS
Dog Weight Red cell Plasma Total blood Corr. Het. ECF ECF* ECFT
No. (kg) volume volume volume (%) (ml) (ml %) (m! %)
C R Cc R C R C R C R C R C R
1 16.2 478 426 705 665 1,183 1,091 435 43.0 3,213 3,188 19.8 19.7 21.2 204
2 140 415 370 621 587 1,036 957 43.5 42.6 2,859 2,726 204 195 19.5 18.5
3 177 512 472 808 788 1,320 1,260 426 413 3,487 3,535 19.7 200 20.5 21.2
4 12.2 377 322 538 502 915 824 439 42.6 2,547 2,461 209 20.2 210 220
5 14.2 427 381 640 594 1,067 975 43.5 43.0 2,600 2,550 183 18.0 18.6 19.0
6 nz 355 303 535 489 890 792 444 42. 2,311 2,355 19.8 20.1 21.0 20.6
7 13.6 385 345 621 563 1,006 908 417 404 2,450 2,475 18.0 18.2 19.5 21.0
8 150 426 381 649 619 1,075 1,000 430 404 2752 2,683 183 179 180 19.5
9 105 301 256 501 461 802 7z 413 395 2,140 2,061 204 196 20.1 210
10 9.2 272 237 426 420 698 657 435 417 1,751 1,709 190 18.6 210 214
Average: Average: Average: Average:
29.4 ml/kg 45.0 ml/kg 74.4 ml/kg 19.5%
C = Control study, first determination; R = Rep study, d determinati
* Calculated according to formula reported in this report—extrapolated values.
t Calculated on the 20-min sample according to the formula suggested by Walser et al. (21).

SUMMARY

A practical method for measuring red-cell, plasma
and extracellular-fluid volume using three tracers,
51Cr, 125] and %S as sulfate, is described. An anthra-
cene cell has been designed which greatly simplifies
measuring 3°S in liquid samples. Measurements ob-
tained in humans and dogs are presented.

ACKNOWLEDGMENTS

The authors wish to acknowledge the able assistance of
Elenore Zekas, R. MacK. Timby and F. Garber, Jr. We
express our appreciation to E. R. Squibb & Sons for assist-
ance in this project and to Picker-Nuclear Corp. for the
equipment made available to us in these studies. This work
was supported in part by Atomic Energy Commission Re-
search Grant Contract No. AT(30-1)-3687.

REFERENCES

1. ALBERT, S. N.: Blood volume. Charles C Thomas,
Springfield, Ill., 1963.

2. GREGERSEN, M. 1. AND RawsoN, R. A.: Blood vol-
ume. Physiol. Rev. 39:307, 1959.

3. FINE, J. AND SELIGMAN, A. M.: Traumatic shock:
study of problem of lost plasma in hemorrhagic shock by
use of radioactive plasma protein. J. Clin. Invest. 22:285,
1943.

4. GRay, S. J. AND STERLING, K.: The tagging of red cells
and plasma proteins with radioactive chromium. J. Clin.
Invest. 29:1,604, 1950.

5. ALBERT, S. N. AND ALBERT, C. A.: Blood volume
methodology. Scintillator 9:1, 1965.

6. ALBERT, S. N. et al: Simultaneous measurement of red
cell and plasma volume with two tracers and dual scaler
analyzer system, unpublished report.

7. WALSER, M., SELDIN, D. W. AND GROLLMAN, A.: An
evaluation of radiosulfate for the determination of the vol-
ume of extracellular fluid in man and dogs. J. Clin. Invest.
32:299, 1953.

Volume 9, Number 1

8. EDELMAN, I. S. AND LEIBMAN, J.: Anatomy of body
water and electrolytes. Amer. J. Med. 27:256, 1959.

9. RYAN, R. J., PascaL, L. R., INOYE, T. AND BERN-
STEIN, L.: Experiences with radiosulfate in the estimation
of physiologic extracellular water in healthy and abnormal
man. J. Clin. Invest. 35:1,119, 1956.

10. Howeg, C. T. aND EKINs, R. P.: The bromide space
after the intravenous administration of 82-Br. J. Nuclear
Med. 4:469, 1963.

11. MCcNEILL, I. F., WILLIAMS, J. P. AND MOORE, F. D.:
The effects of hemorrhage and hormones on the partition of
body water. J. Surg. Res. 3:322, 1963.

12. ALBERT, S. N, ALBERT, C. A., HmrscH, E. F,,
BRECHER, I. N. AND NUMEROF, P.: Selenate as a substitute
for sulfate in the measurement of extracellular fluid volume.
J. Nuclear Med. 7:290, 1966.

13. NELp, W. B. AND BLUMBERG, F.: A comparison of
the selenate and sulfate ions in man and dog. J. Nuclear
Med 6:822, 1965.

14. OLDENDORF, W. H. AND KITANO, M.: Selenomethi-
onine reappearance in blood following intravenous injec-
tion. J. Nuclear Med. 4:231, 1963.

15. CavALIERI, R. R,, ScotT, K. G. AND SAIRENJI, E.:
Selenite (75-Se) as a tumor-localizing agent in man. J. Nu-
clear Med. 7:197, 1966.

16. OLDENDORF, W. H.: Personal communication.

17. ROSENFELD, I. AND BEATH, O. A.: Selenium. Aca-
demic Press, New York, 1964, pp. 177-195.

18. ALBERT, S. N, Zexas, E. AND TiMBY, R. MacK.:
Anthracene cell for counting weak beta emitting nuclides
S-35 in liquid samples. J. Nucl. Med. 8:822, 1967.

19. Savoig, J. C. AND JUNGERS, P.: Mesure de I'espace
extracellulaire chez 'homme a I'aide du radio-sulfate S-35.
Rev. Franc. Etud. Clin. Biol. 10:99, 1965.

20. ALBERT, S. N, GRAVEL, Y., TURMEL, Y. AND ALBERT,
C. A.: Pitfalls in blood volume measurement. Anesth. Analg.
44:805, 1965.

2]. WALSER, M., DUFFY, B. J., JR. AND GRIFFITH, H. W.:
Body fluids in hypertension and mild heart failure. JAMA
160:858, 1956.

23





