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The evaluation of the efficacy of whole blood
transfusion in augmenting total red cell volume has
always been of interest to physicians called upon to
care for patients with hemorrhage, burns, blood
dyscrasias, or traumatic shock. The establishment
of blood banks, resulting in an increasing use of
stored blood, has focused more attention on the
problem. Military requirements have created a
demand for the preservation of whole blood over
far longer periods than are required for civilian
purposes. The urgent need for better preservative
solutions and for the selection of the best condi-
tions for overseas air transport of whole blood for
the Armed Forces made it imperative that an ac-
curate method of measuring the post-transfusion
survival of stored human erythrocytes be available.

The morphological and chemical changes that
take place in red cells during storage have been
studied by several laboratory methods. The rate.
of spontaneous hemolysis, changes in cell dimen-
sion, changes in the permeability of the cell mem-
brane, changes in osmotic resistance to hypotonic
solutions of NaCl, rate of diffusion of potassium,
and disturbances in carbohydrate metabolism have
all been proposed as in vitro tests for the evalua-
tion of the ability of stored red cells to survive after
transfusion.

Each of these tests assays only changes in one
functional characteristic of the. erythrocyte and it
is for this reason that the opinion has been ex-
pressed that in vitro tests fail as a guide to the

1 The work described in this paper was done under a
contract, recommended by the Committee on Medical Re-
search, between the Office of Scientific Research and De-
velopment and the Massachusetts Institute of Technology,
in collaboration with the Peter Bent Brigham Hospital,
and the Massachusetts General Hospital.

viability of stored blood (1). When several of
these techniques have been applied in conjunction,
they have served a useful purpose in screening sug-
gested preservative solutions for further evalua-
tion. But, until the changes demonstrated by in
vitro studies are proved to reflect truly the degree
of red cell deterioration, the final evaluation of
any preservative must be based on the results of
in vivo post-transfusion survival studies.

The simplest in vivo method is the measurement
of the recipient's red cell count, hemoglobin, or
hematocrit before and after transfusion. In un-
complicated anemia or blood loss this procedure
does give some idea of the improvement in red cell
volume, but in hemolytic anemias or in the pres-
ence of continuing hemorrhage the interpretation
of data is difficult or impossible. It has been our
experience that the hematocrit and hemoglobin
level of venous blood, as well as the red cell count
from finger blood, vary greatly in random samples
from a given individual, depending upon the de-
gree of venous stasis incident to venipuncture,
temperature of extremities, and the general cir-
culatory state of the subject. This variation may
be as great as the net increase in hematocrit, he-
moglobin, or red count expected to result from a
single 500-ml. transfusion.

The increase in circulating red cell volume re-
sulting from one or more transfusions may be
measured by the dye-plasma volume hematocrit
technic with a fair degree of accuracy. A trans-
fusion of 500 ml. of whole blood contains about
200 ml. of erythrocytes. This quantity is about
10 per cent of the normal human circulating red cell
volume (2). In hemorrhage or blood loss the per-
centage of transfused to recipient circulating red
cells varies directly with the degree of cell volume
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deficit. A single transfusion will rarely represent
more than 30 per cent of the pre-transfusion eryth-
rocyte volume.

Plasma volume can be measured by the dye
method within ± 5 per cent. An additional error
is introduced by unavoidable variations in the he-
matocrit determination on venous blood samples,
upon which the red cell volume is calculated. Cir-
culating red cell volume measured by the dye-
plasma volume hematocrit technic is greater than
the true volume (3, 4, 5), because the hematocrit
of capillary blood is less than that of blood in large
vessels (6, 7). This error may be minimized by
correcting the calculated cell volume by the factor
0.85. Hence, the intrinsic error of the technic,
which is about ± 5 per cent, may be the equivalent
of a large fraction of the cells transfused. It is
desirable to follow the fate of stored cells at fre-
quent intervals after transfusion, but the dye
method gives only data for a single period, and re-
peated blood volume determinations at short in-
tervals are not always practicable.

The occurrence of hemoglobinuria or hemoglo-
binemia following a compatible transfusion is, of
course, evidence of massive destruction of donor or
recipient cells. Hemolysis produces a rise in re-
cipient serum bilirubin levels. Strumia has shown
a progressive hyperbilirubinemia with increasing
age of stored blood (8). Gilligan and Altschule
(9) found large variations in the net rise in plasma
hemoglobin levels following the intravenous ad-
ministration of hemoglobin solutions, indicating-
wide individual differences in the ability to handle
pigments derived from blood. Bilirubin data are
misleading in patients with liver disease or hemo-
lytic tendencies. The measurement does not per-
mit quantitative evaluation of cell destruction.

The agglutination method of following the fate
of transfused cells was introduced by Ashby in
1919 (10, 11). Whole blood from a group 0 do-
nor is given to a group A recipient. The trans-
fused 0 cells are, of course, of all different ages
and represent mixed-age cells. Samples of re-
cipient blood are taken and the A cells agglutinated
with anti-A typing serum and thrown down by
centrifugation. The unagglutinated 0 cells re-
maining in suspension are then counted with stand-
ard blood counting pipettes and chambers. The
count in a sample drawn at the completion of the
transfusion or shortly thereafter is usually taken

as the quantity of 0 cells in circulation resulting
from complete retention of all the transfused cells.
Counts upon subsequent samples are referred to
this "100 per cent value" for calculation of the
percentage of surviving 0 cells. The method has
*been widely used in the study of red cell preser-
vation by Mollison (12), Maizels (13), Denstedt
(14), and more recently by Thalhimer (15).

Scrutiny of the results obtained by these workers
shows that the non-agglutinable counts on samples
taken only a few days apart may vary by as much
as 20 per cent (14, 15), even when the greatest
possible care is taken. This suggests a large in-
trinsic probable error in the method.

All workers report that a certain proportion of
the recipient A cells are not agglutinated by anti-A
sera, even though of very high titre. In practice
this non-agglutinable cell count is determined prior
to transfusion and subtracted from subsequent
counts. The assumption is that this non-agglu-
tinable portion of recipient cells remains a constant
throughout the observation period, which in some
instances has been as long as 130 days. Such an
assumption may or may not be valid.

It is assumed that a complete separation of the
unagglutinated 0 from the agglutinated A cells is
effected by the addition of serum and subsequent
shaking and centrifugation. It is, however, pos-
sible that numbers of the 0 cells may become en-
meshed in the large A agglutinates and carried
down therewith in centrifuging.

It has been suggested (14) that in instances in
which there is an abrupt rise in cell count from the
previously prevailing slope of cell disappearance,
some of the transfused cells may have been tem-
porarily withdrawn from circulation (in the spleen
or liver), and later have re-entered the circulation.
This hardly seems likely, since it is improbable
that there are any great "depots" of red cells in the
body but rather that in the normal state practically
all the erythrocytes are in active circulation at all
times (7).

The agglutination technic permits one to follow
the presence of transfused 0 cells throughout their
entire life span in the recipient, information that
cannot be obtained by the radioactive technic.

A method of measuring post-transfusion sur-
vival of human erythrocytes by means of radio-
active isotopes of iron was first described by Ross
and Chapin in 1943 (16). The modifications de-
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FIG. 1. VIABILITY OF HUMANERYTHROCYTESSTOREDAS WHOLEBLOOD IN 4 PER CENT SODIUM CITRATE
Five hundred ml. of whole blood from a radioactive donor was taken in 4 per cent sodium citrate and divided

into 2 equal parts. One aliquot was transfused on the day drawn, and the other given to the same recipient after
refrigerated storage for 7 days. The Ua of the recipient's red cells following the first transfusion indicates good
retention of the tagged cells for 1 day and a slight loss on the second day. After the second transfusion the re-

cipient Ua rose, but not to twice the level resulting from the first transfusion. Since both aliquots contained the
same amount of radioactivity, some of the tagged cells from the second transfusion disappeared from the circulation
during the administration of the blood. Only about 1 of the 7-day old cells were viable as shown by the fall in re-

cipient Ua through the twelfth day. The subsequent rise in Ua is due to re-utilization of iron from non-viable cells
in hemoglobin synthesis.

scribed herein were developed from our studies in
measuring circulating red cell volume in shock.
The physical principles involved, the character-
istics of the iron isotopes used, the apparatus for
radioactivity detection, as well as the experimental
techniques of using tagged human erythrocytes for
cell volume determination have been described
previously (17, 18). For the purposes of this
study a brief resume will suffice.

When small amounts of radioactive ferric am-

monium citrate (0.5 to 1.5 mgm.) are given intra-
venously, the salt is rapidly removed from plasma
and deposited in body iron stores (18). In the
process of erythrocyte formation in the marrow,

some of the iron atoms that become incorporated
in the hemoglobin molecule of developing cells are

radioactive. Since hemoglobin does not escape

from the healthy erythrocyte, it follows that as long
as the tagged red cells remain intact, their pres-

ence may be detected in the blood stream. If these

cells are destroyed, the released radioactive iron re-

turns from the plasma to the iron stores, and even-

tually is re-utilized and resynthetized into hemoglo-
bin, again appearing in new red cells in the blood
stream. Thus the immediate retention (24 to 48
hours) of stored tagged cells can be determined,
and the eventual utilization of the iron from those
cells that did not survive can subsequently be
measured.

Data obtained in the first experiment of this type
which we carried out are shown in Figure 1.
Following a transfusion of fresh radioactive whole
blood (drawn in 4 per cent sodium citrate), the
recipient's cell Unit Activity (Ua) 2 remained con-

stant for 24 hours, followed by a slight fall from

2Defined as counts per minute (cpm) per ml. of red
cells referred to cpm of a radioactive iron standard meas-

ured at the same time, and therefore independent of the
rate of radioactive decay of the active isotope and counter
variability.
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the initial level, indicating that about 90 per cent
of the transfused cells were retained. On the
eighth day a transfusion of week-old cells from the
same blood donor, and equal in amount to the first,
was given. There was a rise Ua to almost, but not
quite, twice that resulting from the first infusion.
During the next 5 days Ua progressively dropped,
leveling off at a value corresponding to a retention
of about 50 per cent of the cells given in the second
transfusion. Thereafter Ua rose to about 75 per
cent of the original level. Since the only source of
radioactive iron in the subject was the transfused
red cells, it follows that about M of the iron re-
leased from destroyed cells was re-utilized by the
end of the observation period.

This experiment brings out a fact of importance.
The level to which Ua rose immediately following
the second transfusion was less than twice the level
following the first transfusion even though both
contained an equal amount of radioactivity. It is,
therefore, evident that the initial post-transfusion
activity level following the second transfusion did
not correspond to 100 per cent retention, but that
some of the tagged cells were withdrawn from
circulation while the blood was being administered.
Thus it is essential to supplement this simple pro-
cedure with an independent method of determining
the radioactivity level corresponding to 100 per
cent retention of the transfused tagged red cells.

It is therefore necessary to determine the recipi-
ent's circulating cell volume at the time the trans-
fusion is given. In some of our experiments this
was determined by the dye-plasma volume hemato-
crit technic. The calculated cell volume was cor-
rected by the factor 0.85 which we have found to be
the average ratio of the values for the true cell
volume measured by radio-iron and the cell volume
calculated. from the dye-plasma-hematocrit (5).
Post-transfusion survivals calculated upon these
values probably are accurate to within ± 5 per
cent.

In many experiments, the recipient's pre-trans-
fusion red cell volume was more accurately meas-
ured by a small infusion of fresh group 0 cells
tagged with Fe59. The preserved transfused cells
were tagged with Fe55. Both isotopes can be
measured in the same blood sample (17).

The transfused quantity of preserved stored cells
tagged with Fe55 and the radioactivity of those cells
is measured. Knowing the recipient's red cell

volume the radioactivity level corresponding to
100 per cent retention of the transfused cells is
calculated by the equation

CX UaDUaT = Vrri + Vrr2

where

UaT is the 100 per cent value of the unit activity
Ua.

C is the quantity of cells transfused in ml.
UaD is the unit activity of those cells, and
Vrr, is the recipient's pre-transfusion red cell

volume in ml. as measured by Fe59.
Vrr2 is the quantity of stored cells transfused.

The percentage of radioactive cells in the re-
cipient's circulation at any time in terms of the
quantity transfused therefore is

UaR X 100
UaT

where UaR is the recipient's red cell radioactivity
level.

A typical experiment in which recipient cell
volume was measured by radio-iron is shown in
Figure 2. The subject was a normal 22-year-old
male, blood group A, who had been bled 1 day
prior to transfusion. On the morning of the ex-
periment plasma volume was determined by the
dye method. At the same time, radio-iron red cell
volume was determined, the subject receiving 44.8
ml. of cells drawn as whole citrated blood from a
group 0 donor who had been built up with Fe59.
Three venous blood samples were drawn at 10-
minute intervals after the injection of dye and
tagged cells for measurement of plasma dye con-
centration and red cell radioactivity. Four hours
later the subject received 160 ml. of cells tagged
with Fe55, drawn as whole blood in Alsever's
solution and stored 19 days.

Venous blood samples were then drawn at 20
minutes and approximately 1, 4, and 8 hours after
the end of the transfusion of stored blood. Two
blood samples were taken on both the first and
second day, and 1 sample on the third, fourth, and
fifth day after transfusion, and a final sample was
taken on the twenty-eighth day. All of these
samples were analyzed for both Fe59 and Fe55.
Data obtained are given in Protocol GR-78 and
are plotted in Figure 2.
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FIG. 2. METHODOF MEASURINGPOST-TRANSFUSIONSURVIVAL OF STOREDHUMANERYTHROCYTESBY MEANSOF 2
ISOTOPES OF RADIOACTIVE IRON

The recipient's pre-transfusion circulating red cell volume was determined by giving 44.8 ml. of freshly drawn
group 0 cells tagged with Fe' and found to be 2,140 ml. Then 160 ml. of group 0 cells tagged with Fe' and stored
19 days were given. The resultant expected red cell volume was 2,300 ml. The theoretical recipient red cell Ua
corresponding to 100 per cent retention of the Fe' cells was 0.497. The lowest recipient Fe" Ua value was 0.129,
and survival was computed at 26 per cent.

Recipient's pre-transfusion red cell volume computed
from the quantity of Fe' cells given, the Ua thereof, and
the average Fe' Ua value of the first 4 recipient's blood
samples, is

44.8 X Ua Fe" (1.58) 2,140 ml.
0.0332

This agrees well with the calculated corrected dye-
plasmiia-hematocrit red cell volume of 2,110 ml.

The total quantity of recipient circulating red
cells is equal to the red cell volume plus the amount
of cells transfused, or 2,140 ml. + 160 ml. =2,300
ml.

The recipient's 100 per cent retention value Fe55
Ua then becomes

160 X Ua Fe"' (7.1) = 0.497.

2,300

This value, 0.497, is higher than that of the first
post-transfusion sample, 0.418, indicating a loss
of about 16 per cent of the transfused cells in the
50-minute interval between starting the transfu-
sion and drawing the first sample.

The lowest recipient Fe55 red cell Ua 8 during
the first post-transfusion day is used for calculat-
ing percentage survival, which is

0.129
0.497 = 26 per cent.

It will be noted that the Fe59 Ua values of the

8 No correction for blood loss in sampling was made
since the total whole blood drawn, after the transfusion
of stored cells, was about 150 ml. or about 3 per cent
of the recipient's total blood volume, an average of less
than 1 per cent per day.
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Protocol Exp. No. GR-78 December 7, 1944

POST-TRANSFUSIONSURVIVAL OF WHOLEBLOODIN ALSEVERS SOLUTION TRANSFUSED19 DAYS AFTER DRAWING

Subject: J. G. Age: 28. Sex: male. Height: 183 cm. Weight: 77.2 kgm.

Plasma volume: 3,430 ml. Hct.: 42.1 per cent. Total blood vol.: 5,920 ml. Red cell vol.: 2,490 ml. X 0.85 = 2,110 ml.

Unit activity Ratio
Date Time Procedure Ua Fe"

Fe" Fe" Ua Fe"*

12/7/44 9:45 a.m. 10 mgm. Evans Blue i.v.
9:46- 108 ml. whole blood
9:48 (44.8 ml. cells) i.v. 1.580
9:59 Venous sample a 0.0340

10:10 Venous sample b 0.0320
10:19 Venous sample c 0.0310

1:28 p.m. Venous sample d 0.0338
1:28- 575 ml. blood at hct. 28 per cent a
1:56 160 ml. cells i.v. 7.10
2:18 Venous sample e 0.0319 5.418 13.10
3:25 Venous sample f 0.0319 0.335 10.50
5:30 Venous sample g 0.0313 0.223 7.08
9:30 Venous sample h 0.0337 0.162 5.15

12/8/44 9:42 a.m. Venous sample i 0.0318 0.153 4.85
1:32 p.m. Venous sample j 0.0293* 0.129 4.10

12/9/44 9:45 a.m. Venous sample k 0.0313 0.156 4.95
1:00 p.m. Venous sample 1 0.0323 0.164 5.21

12/10/44 3:35 p.m. Venous sample m 0.0332 0.181 5.75
12/11/44 9:45 Venous sample n 0.0313 0.207 6.57
12/12/44 9:45 Venous sample o 0.0315 0.255 8.10

Average 0.0318**

* Part of sample lost in processing.
** Ua Fe" is average of values for samples e-o, incl., omitting sample j.

recipient red cells remained constant, within the
limit of error of the technic, throughout the first
5 days of the experiment, indicating virtually com-
plete retention of these group 0 tagged cells. The
slight fall in Ua samples d and e is to be explained
by the additional dilution of the Fe59 tagged cells
by the transfused Fe55 cells.

The ratio of Ua Fe55 to Ua Fes5 falls progres-
sively during the first 24-hour post-transfusion pe-
riod and thereafter rises. Since this ratio is an
expression of the proportion of Fe55 to Fe59 tagged
cells in the circulation and since virtually all of the
Fe5' tagged cells were retained, this ratio can also
be used for computing percentage of survival.

4.1_Thus, 45 = 26.2 per cent.

The rise of the ratio after the first post-trans-
fusion day is due to the presence of radio-iron de-
rived from non-viable transfused cells tagged with
Fe55

Figure 3 shows the course of the radioactive red
cell level of a subject receiving "tagged" whole
blood in McGill II solution, stored under re-

frigeration for 29 days prior to transfusion. Unit
activity data are expressed in terms of percentage
of total cells transfuesd Ua/UaT. A large propor-
tion of the cells had deteriorated during storage
and their removal from the blood stream was re-
flected by a sharp decline in recipient red cell
radioactivity in the first few hours after transfu-
sion, falling to about % of the calculated 100 per
cent retention value. During the following day
this level was unchanged, but thereafter successive
samples showed a rise in radioactivity, at first
rapid, but leveling off at about 70 per cent of the
100 per cent value.

The question arises as to whether or not those
cells which were not rapidly removed from circu-
lation were normally functioning cells with normal
life expectancy and remained in circulation
throughout the observation period. Denstedt ( 14)
and more recently Thalhimer (15) have shown
that when the post-transfusion course of stored
cells is followed by the agglutination technic there
may be an initial abrupt fall in the recipient's
group 0 cell count, followed by a decreased rate
of disappearance, the slope of which closely ap-

709



J. GIBSON, 2ND, J. AUB, R. EVANS, W. PEACOCK, J. IRVINE, JR., AND T. SACK

WHOLE BLOOD IN McG ILL SOLUTION
STORED29 DAYS
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FIG. 3. RE-UTILIZATION OF RADIO-IRON DERIVED FROM

NON-VIABLE TRANSFUSEDSTORED CELLS IN SYNTHESIS
OF HEMOGLOBIN

About 80 per cent of the tagged stored cells were rapidly
withdrawn from circulation; and the radio-iron contained
in these non-viable cells may be considered as available
for blood-iron need. For reasons given in the text, it is
assumed that those cells not immediately destroyed retain
full functional capacity and are retained. Hence, about
20 per cent of the recipient red cell radioactivity is ac-

counted for by these viable cells, and the remainder of
the radioactivity, indicated by the broken line, is due to
resynthesis into hemoglobin of radio-iron; so about %of
the radio-iron available was re-utilized. From the third
post-transfusion day on, the percentage of circulating
tagged cells rose, leveling off about the twentieth day at
about 75 per cent of the original value.

proximates that obtained for transfused fresh
group 0 cells, somewhere in the neighborhood of
1 per cent per day. This conclusion was confirmed
by 2 experiments in which the fate of group 0
cells tagged with radioactive -iron (Fe55) trans-
fused into group A recipients was followed by both
the agglutination and radio-iron techniques.

Two such experiments, in which equal aliquots
of blood drawn from the same donor into De Gow-
in's solution were transfused into individual re-

cipients, one on the day of collecting, and the other
after storage for 24 days, are illustrated in Figure
4.4

Following the transfusion of fresh blood, a

prompt initial loss of about 10 per cent of the cells

4These experiments were carried out in collaboration
with Dr. Orville Denstedt, McGill University.

was demonstrated by both methods. Thereafter
the number of radioactive cells in circulation in-
creased, reaching the 100 per cent value on the
thirtieth post-transfusion day, whereas the count
of non-agglutinable cells progressively fell until,
the sixtieth day, somewhat less than 40 per cent
were detectable in the blood stream. A much
greater initial loss occurred in the subject receiv-
ing the 24-day-old blood. The immediate (24 to
48 hour) survival was about 40 per cent by the
radio-iron and about 70 per cent by the agglutina--
tion technic. This discrepancy is probably to be
accounted for by a considerable destruction of cells
during the interval between the beginning of the
transfusion and the taking of the first blood sample
for non-agglutinable count. Radioactivity data re-
vealed that 60 per cent of cells had disappeared
from the circulation in the first 6 hours after trans-
fusion started. Since the initial post-transfusion
count was used as the denominator in calculating
percentage of transfused cells remaining in circu-
lation, the computed immediate survival was falsely
high.

After the initial loss, a continuous rise in the
recipient's red cell radioactivity occurred, reach-
ing a level of about 90 per cent of the 100 per cent
value on the fortieth post-transfusion day. Dur-
ing this period the percentage of non-agglutinable
cells fell at a rather constant rate.

In the case of both the fresh and the deteriorated
blood, however, after the initial drop, the non-
agglutinable cells disappeared at a rate of about
one per cent per day, or at a mortality rate equal
to that of normal cells.

The increase in radioactivity of recipient's cells
after the initial decline is due to the presence of
tagged cells newly developed since the transfusion.
About 80 per cent of the transfused cells were de-
stroyed and their contained iron may be considered
as available for re-utilization. The curve of re-
generation flattens out at about 50 per cent of the
quantity of radioactive cells destroyed during the
first day, and hence it is concluded that %of the
total radio-iron from destroyed cells was eventu-
ally re-utilized and the remainder either excreted
or stored.

The assumption that the retained cells accounted
for an almost constant portion of the total recipi-
ent cell radioactivity appears to be warranted in
this particular experiment, because only young red
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POST-TRANSFUSION RED CELL SURVIVAL

BY THE -'RADIO-IRON AND AGGLUTINATION METHODS
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FIG. 4. THE POST-TRANSFUSIONSURVIVAL OF GROUP0 BLOODTRANSFUSEDFRESH ANDAFTER 24 DAYSOF STOR-

AGEINTO AN A RECIPIENT, MEASUREDBY BOTHTHERADIO-IRON ANDAGGLUTINATIONTECHNIQUES
Radioactivity levels clearly show the initial loss of cells and subsequent re-utilization of hemoglobin-derived iron.

Non-agglutinable cell counts show an initial loss of non-viable group 0 cells, and thereafter a continued loss, the
rate of which closely approximates the normal red cell mortality rate.

cells had been tagged. The donor blood was

drawn 28 days after the donor received his initial
injection of radio-iron, and since the blood was

stored 29 days, the oldest radio-iron tagged cells
were approximately 57 days old when transfused.
The normal life span of the adult human erythro-
cyte is considered to be at least 100 days (19, 20).
Hence, the residual cells would remain in circula-
tion during the remaining 27 days of the experi-
ment.

It is important to ascertain whether the behavior
of all donor cells, ranging in age from newborn to
senescent, was similar during storage. The work
of Denstedt (21) and Thalhimer (15), in whose
studies the survival of cells representing the entire
age population of donor erythrocytes was meas-

ured, indicates that the percentage of non-viable
cells is roughly proportional to the number of days

elapsing between drawing and transfusion. It was
therefore necessary to distinguish, radioactively,
between young cells and cells that were known to
be of mixed age. The known fact of re-utilization
of hemoglobin-derived iron was used to, advantage
to tag differentially young and mixed-age cells.

For example, one donor received the first in-
jection of 5-year iron at 133 days and the last in-
jection 95 days prior to bleeding. He had also re-
ceived 47-day iron, the first injection 28 days and
the last injection 5 days prior to bleeding. Thus,
all of the donor's cells tagged with Fe59 were young
cells, whereas the cells tagged with Fe55 were rep-
resentative of the entire cell population.

Blood from another donor prepared in a similar
manner was drawn into acid-citrate-dextrose, and
equal aliquots were transfused into 3 recipients
after storage for 15, 29, and 41 days, respectively.
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Blood from this donor was drawn into ACD, the
plasma was removed and the cells resuspended in
an acid-citrate-dextrose medium. Aliquots were
transfused into 4 recipients after 3, 10, 16, and
30 days' storage at 40 C.

Red cell volume for determination of the 100 per
cent retention value was calculated from plasma
volume and hematocrit, and percentages of sur-
vival were calculated from both the Fe55 and Fe5"
recipient blood levels. In both experiments, as
shown in Table I, the survival of the young (Fe59)

TABLE I

The comparative survival of young and mixed-age red cells
tagged with radio-iron

Day since donor received Percentage
radio-iron survival Relative

Days retention
of of mixed-

stor- Feu Fe" Mixed- Young
ageto

age age (F young
First Last First Last (e)cls

Whole blood in acid-citrate-dextrose

0 179 153 30 6

15 193 168 45 21 87 100 0.87
29 208 182 59 35 52 59 0.88
41 230 194 71 47 37 42 0.88

Cells resuspended in acid-citrate-dextrose

0 133 95 28 5

3 136 98 31 8 87 100 0.87
10 143 105 38 15 81 93 0.87
16 149 111 44 21 78 83 0.94
30 163 125 58 35 43 46 0.93

* The ratio of Fe" to Fe" radioactivities (Ua) of re-
cipient's cells in relation to the ratio of the same isotopes
in a sample of the donor cells transfused.

cells was consistently better than that of the mixed-
age (Fe55) cells. The ratio of Fe55 to Fe59 radio-
activities of recipient's cells in relation to the ratio
of corresponding radioactivities of the donor's cells
was about 0.9, and varied little with the length of
storage period.

These experiments indicate that when blood is
obtained from donors who have been freshly pre-
pared with radioactive iron, the survival of those
cells on storage is proportional to the survival of
all the cells, tagged and not tagged. Therefore, a
comparison of red cell survival in various preser-
vatives, based on blood from freshly built up do-
nors, truly reflects differences in the value of
different solutions.

The use of 2 tracers also permits, under selected
conditions, of measurements of changes in the re-
cipient's own cells. In the experiment described in
Figure 5, the recipient, blood group A, received
560 ml. of group 0 blood (220 ml. of cells) of
high "anti-A" titre (1/400). Fe5" tagged group 0
cells for cell volume determination were given
shortly before, and the value obtained agreed very
closely with that calculated from the Fe55 recipi-
ent levels. During the next 7 days the recipient
Fe55 and Fe"5 levels both rose progressively and to
about the same degree. At the same time the ve-
nous hematocrit progressively fell. It is clear that
the proportion of the recipient's cells that were
radioactive became greater. Since both lots of
group 0 cells were well retained, as evidenced by
the constancy of the ratio of the 2 isotopes, it fol-
lows that the rise in radioactivity was due only to
destruction of the recipient's own A cells. Cal-
culations based on the original cell volume and the
changes in Fe55 levels showed a loss of about 700
ml. of A cells. (Calculations based on hematocrit
changes showed a loss of only 500 ml.) During
the remainder of the observation period the he-
matocrit rose, and both radioactivity levels de-
clined to almost the original levels, but the ratio
of the two isotopes again remained constant.
These later changes reflect the regeneration of re-
cipient A cells.

We have applied the method described to the
study of a large number of solutions, recommended
both for the preservation of erythrocytes as whole
blood and as red cell resuspensions after removal
of plasma. Results will be reported in subsequent
communications.

The method has also been placed at the disposal
of several collaborators working in the field of
blood preservation. They have built up their own
donors with radio-iron prepared in the M.I.T.
cyclotron, and donor and recipient blood samples,
forwarded by mail, have been chemically prepared
and analyzed for radioactivity in our laboratories.
Since the cells are destroyed in wet-ashing, the
packed cells can be laked prior to shipping. Time
in transit or temperature changes do not affect
the accuracy of radioactivity measurements.

A standard system of mnemonic symbols for
samples of donors' stored and recipients' bloods
was developed to facilitate reporting of data to
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TRANSFUSION OF GROUP"0" BLOOD
(ANTI-A TITER '/400)

INTO GROUP "A" RECIPIENT
TRANSFUSION

BLOOD 560cc.
CELLS 220cc.

EXP. NO. GR-68

PLASMAVOLUME 3110 cc.
Fe RED CELL VOLUME 2000cc.
"0" CELLS TRANSFUSED220cc.

EXPECTEDVOLUME 2220cc,
Fe" CELL VOLUME 2180cc.

K -

I ;

HGT.

45

40

35

30

CELL
VOLUME

-2500
cc.

2000

'1500

'1000

- 500

- 0

0 1 3 4 5 6 7 8 9 10 1 12 13 14 15
,,-, *44

DAYS AFTER TRANSFUSION
FIG. 5. TRANSFUSIONOF HIGH-TITRE ANTI-A GROUPO BLOOD INTO GROUPA RECIPIENT

Recipient's pre-transfusion cell volume as determined by the injection of 0 cells tagged with Fe' was 2,000 ml.,
and 220 ml. of stored 0 cells with Fe" were given. Thereafter the radioactivity level of both isotopes in the recipi-
ent's cells rose progressively for 6 days, exceeding the initial post-transfusion values. The ratio of the 2 isotopes,
however, remained constant, indicating that both the fresh and stored 0 cells were all retained. The rise in radio-
activity of both isotopes was therefore due to the progressive loss of the recipient's A cells. The recipient's hemat-
ocrit fell from an initial value of 43 to a low of 33 in 6 days, and his red cell volume, calculated from Fe" activi-
ties, diminished by 700 ml. As recovery occurred, radioactivity levels of both isotopes fell, the hematocrit rose,
and red cell volume rose to nearly pre-transfusion level.

collaborators. Because all workers used a com-

mon technic, differences in method were reduced
to a minimum, and results obtained have been
truly comparable.

CONCLUSIONS

(1) A method of measuring the post-transfu-
sion survival of preserved stored human erythro-
cytes by means of 2 radioactive isotopes of iron
is described.

(2) The method is specific in that only intact
circulating cells containing radioactive iron bound
in the hemoglobin molecule are detected.

(3) The determination of the recipient's pre-

transfusion circulating red cell volume by means of

fresh group 0 cells tagged with Fe"9 permits of
accurate calculation of recipient post-transfusion
red cell radioactivity level corresponding to 100
per cent retention of transfused stored cells tagged
with Fe55. This is important in the study of de-
teriorated bloods in which red cells may be with-
drawn from circulation in the interval between
starting the transfusion and obtaining the first
post-transfusion blood sample.

(4) The extent to which iron derived from non-

viable transfused stored cells is re-utilized in the
synthesis of new hemoglobin can be measured.

(5) The destruction of the homologous cells of
patients of group A and B by high anti-A or anti-
B titre donor bloods of group 0 is discussed.

F."5
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F."S
R Ua

U. F.0V0
U

-
F.

40- .8-

30o

I
.61 .pQ3*'

.4 .02-

.2 .0 1

1l

713

I



J. GIBSON, 2ND, J. AUB, R. EVANS, W. PEACOCK, J. IRVINE, JR., AND T. SACK

BIBLIOGRAPHY
1. Mollison, P. L., and Young, I. M., Failure of in vitro

tests as a guide to the value of stored blood. Brit.
M. J., 1941, 2, 797.

2. Gibson, J. G., 2nd, and Evans, W. A., Jr., Clinical
studies of the blood volume. II. The relation of
plasma and total blood volume to venous pressure,
blood velocity rate, physical measurements, age
and sex in ninety normal humans. J. Clin. Invest.,
1937, 16, 317.

3. Ebert, R. V., Stead, E. A., Jr., and Gibson, J. G., 2nd,
Response of normal subjects to acute blood loss.
With special reference to the mechanism of restora-
tion of blood volume. Arch. Int. Med., 1941, 68,
578.

4. Hahn, P. F., Ross, J. F., Bale, W. F., Balfour, W. M.,
and Whipple, G. H., Red cell and plasma volumes

(circulating and total) as determined by radio-iron
and by dye. J. Exper. Med., 1942, 75, 221.

5. Gibson, J. G., 2nd, Seligman, A. M., Peacock, W. C.,
Aub, J. C., Fine, J., and Evans, R. D., The distri-
bution of red cells and plasma in large and minute
vessels of the normal dog, determined by radioac-
tive isotopes of iron and iodine. J. Clin. Invest.,
1946, 25, 848.

6. Ebert, R. V., and Stead, E. A., Jr., Demonstration
that the cell plasma ratio of blood contained in
minute vessels is lower than that of venous blood.
J. Clin. Invest., 1941, 20, 317.

7. Gibson, J. G., 2nd, and (by invitation) Seligman, A.
M., and Peacock, W. C., The capillary circulation
of the normal dog. J. Clin. Invest., 1944, 23, 940.

8. Strumia, M. M., Symposium on new trends in surgery;
*the fate of transfused refrigerated blood and the
problem of blood banks. S. Clin. North America,
1942, 22, 1693.

9. Gilligan, D. R., Altschule, M. D., and Katersky, E.
M., Studies of hemoglobinemia and hemoglobinuria
produced in man by intravenous injection of hemo-
globin solutions. J. Clin. Invest., 1941, 20, 177.

10. Ashby, W., Determination of length of life of trans-
fused blood corpuscles in man. J. Exper. Med.,
1919, 29, 267.

11. Wearn, J. T., Warren, S., and Ames, O., Length of
life of transfused erythrocytes. Arch. Int. Med.,
1922, 29, 527.

12. Mollison, P. L., and Young, I. M., On the survival of
the transfused erythrocytes of stored blood. Quart.
J. Exper. Physiol., 1941, 30, 313.

13. Maizels, M., and Paterson, J. H., Survival of stored
blood after transfusion. Lancet, 1940, 2, 417.

14. Denstedt, 0. F., Osborne, D. E., Stansfield, H., and
Rochlin, I., The survival of preserved red cells
after transfusion. Anesthesiology, 1944, 5, 237.

15. Thalhimer, W., and Taylor, E. S., The transfusion of
centrifuged type 0 cells resuspended and stored in
10 per cent corn syrup. J. A. M. A., 1945, 127,
1096.

16. Ross, J. F., and Chapin, M. A., Effect of storage of
citrated blood on the survival of transfused eryth-
rocytes. J. A. M. A., 1943, 123, 827.

17. Peacock, W. C., Evans, R. D., Irvine, J. W., Jr.,
Good, W. M., Kip, A. F., Weiss, S., and Gibson,
J. G., 2nd, The use of two radioactive isotopes of
irop in tracer studies of erythrocytes. J. Clin. In-
vest., 1946, 25, 605.

18. Gibson, J. G., 2nd, Weiss, S., Evans, R. D., Peacock, W.
C., Irvine, J. W., Jr., Good, W. M., and Kip, A. F.,
The measurement of the circulating red cell volume
by means of two radioactive isotopes of iron. J.
Clin. Invest., 1946, 25, 616.

19. Hawkins, W. B., and Whiple, G. H., The life cycle of
the red blood cell in the dog. Am. J. Physiol.,
1938, 122, 418.

20. Shemin, D., and Rittenberg, D., Studies on the forma-
tion of heme and on the average life time of the
human red cell. Federation Proceedings, 1946,
Vol. 5, Part II, p. 153.

21. Denstedt, 0. F., Changes in blood during storage.
Canad. M. A. J., 1942, 46, 188.

714


