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Since the adoption of exchange transfusion as
a method in the treatment of newborn infants with
severe erythroblastosis (1-3) the question of the
possible toxic effects of sodium citrate added to the
administered blood, to prevent coagulation, has
arisen (4). In this procedure from 85 to 95%
of the infant's Rh-positive erythrocytes are re-

placed by the donor's Rh-negative erythrocytes de-
pending upon the volume of blood that is adminis-
tered and simultaneously removed (5). In order
to effectuate an exchange of 85%o, a quantity of
blood equivalent to twice the infant's blood volume
must be used, and for an exchange of 98%o, a quan-
tity of blood equivalent to four times the blood
volume must be used. Since the average newborn
infant has a blood volume in the range of 250-300
ml. the procedure involves the use of approxi-
mately 500 ml. and approximately 1,000 ml., re-

spectively. With the use of sodium citrate as an

anticoagulant the infant receives as much as 60
to 120 ml. of a 3%o solution of sodium citrate in-

travenously over a period of about 1½/2 hours.
In the experimental animal, the intravenous ad-

ministration of large quantities of sodium citrate
has been shown to produce convulsions (6). This
has been ascribed to the formation of a poorly
ionized calcium citrate complex which removes cal-
cium ion from the blood stream (7-9). Despite
this consideration, exchange transfusions have been
successfully carried out in a large number of cases,
although occasionally deaths have been reported
in the very severely affected cases (10).

In order to study the adjustment that the new-

born makes to the physiological strains to which
it is subjected when an exchange transfusion is

1 The third in a series on the mechanism controlling
citric acid levels in the blood. The first two papers in
this series appeared in the Journal of Clinical Investi-
gation, Vol. 27, pages 446 and 450, 1948.

2 This paper was presented at the Washington meeting
of the American Chemical Society, August 30, 1948.

carried out, citric acid, calcium, phosphorus, pro-
tein and total base levels were studied before, dur-
ing and after such a transfusion on a newborn with
no symptoms of erythroblastosis and with apparent
normal hepatic and kidney function. The new-
born studied was a mongolian idiot born in normal
delivery. In addition citric acid determinations
were carried out on serial bloods withdrawn from
eight erythroblastotic infants during exchange
transfusion.

500 ml. of blood were freshly drawn from a compatible
donor. To this were added 60 ml. of 3%o sodium
citrate dehydratee of tri-sodium citrate). This made a
total volume of 560 ml. Over a period of approximately
60 minutes 500 ml. of. this citrated blood were infused
into the saphenous vein at the ankle. After 60 ml. had
been infused the radial artery was cut and the blood was
collected in 60 ml. portions, during the progress of the
transfusion. The first 60 ml. were added without removal
of blood in order to dilate the blood vessels and make the
radial artery more apparent. The cells were separated by
centrifuging and the plasma was analyzed for the various
blood constituents.

Citrate determinations were carried out by a method
previously described (11, 12). Calcium was done by
direct precipitation from plasma (13) without ashing.
Where citrate was at a high level the results were later
shown to be significantly low because of the interference
of citrate with calcium precipitation. The determinations
could not be repeated with ashing subsequently because
calcium salts were found precipitated in the plasma on
standing. The calcium results were discarded and are
not reported except where the citrate levels were low
enough so as not to interfere, or where analysis was done
by ashing on plasma from freshly drawn blood. Phos-
phorus was determined calorimetrically (14), total protein
by a modified biuret method (15) and total base by elec-
trodialysis (16).

The results obtained on the blood of the donor
with added citrate, and on that of the newborn
with no symptoms of erythroblastosis are shown
before and after the tranfusion in Table I. The
results are averages of duplicates. Standards and
recovery of added amounts of the constituents
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TABLE I

Comparison of citrated adult blood plasma with that of the
blood plasma of the infant before and after

the exchange transfusion

Phos- Total Total Cal- CitricSample phorus base protein cium acid

mg. % meq./l. % mg. % mg. %
Citrated Adult
Plasma 3.7 178 6.7 9.8* 340 t

Infant's Pre-
Transfusion 7.2 150 5.14 10.8 2.9

Infant's Post-
Transfusion
(one hour) 6.4 148 5.48 10.0 6.69

Infant's Post-
Transfusion
(19 hrs.) - - 4.6 10.3 1.47

* Determination on ashed plasma.
t Assuming a 40% hematocrit and no citric acid in the

red cells the total citric acid added in 500 ml. of whole
citrated blood would be: 5 X 340 X 0.6 = 1,020 mg.

were also run. The results are in error by less
than 5%o. Calculations in the table assume no ci-
trate in the red cells. Previous work indicates
that in normal blood no significant amount of
citric acid is found in the red cell (11 ).

Analysis for citric acid, phosphorus, protein
and total base of the 60 ml. portions of the blood
removed from the infant during the transfusion
is shown in Table II. These determinations were
done on plasma.
A chart showing the changing citric acid levels

with time, for the infant with no symptoms of
erythroblastosis, is plotted in Figure 1.

TABLE II

Analysisfor citric acid, phosphorus, total base and protein on
the plasma of the blood removed in 60 ml. portions

during a 500 ml. exchange transfusion
Seven portions removed for a total of 420 ml.

Total citric
Plasma acid removed
sample Phos- Total Total Citric in each

(in order of phorus base protein acid 60 ml.
removal) sample of

whole blood*

mg. % meq./1. % mg. % mg.
1 7.5 12.3 4.4
2 7.6 5.21 25.4 9.2
3 6.8 - 19.0 6.4
4 6.9 5.24 22.4 8.2
5 6.4 - 5.34 32.2 11.6
6 6.4 155 5.41 34.4 12.4
7 6.3 158 5.81 42.8 15.9

Total Citric Acid Removed = 68.1 mg.
* Calculated by assuming a 40% hematocrit and no

citric acid in the red cells. 0.6 X mg. % in plasma X 0.6
= total citric acid.
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FIG. 1. CITRIC ACID LEVELS DURING AN EXCHANGE
TRANSFUSION WITH CITRATED BLOOD ON A MONGOLOID
INFANT WITH No SYMPTOMS OF ERYTHROBLASTOSIS OR

OF LivER OR KIDNEY DAMAGE

In the eight cases of newborns with symptoms of
erythroblastosis the determinations had to be lim-
ited to blood obtained during the transfusion.
With the exception of Cases 2 and 6 the first sam-
ple obtained followed the administration of about
50-60 ml. of donor's blood and thus already con-
tained added citrate. During the course of the
transfusion, whenever symptoms of tetany or con-
vulsions were impending or apparent, 5 ml. of a

10% solution of calcium gluconate were injected
intravenously. In some instances, calcium glu-
conate was administered at various points in the
procedure whether symptoms were or were not
present.
The results obtained in six of these cases are

shown in Figure 2. The scales of the graphs for
Cases 3 and 4 are different with respect to citrate
administered from that for Cases 5-8. In the first
two cases 500 ml. of blood were infused, in the
last four 1000 ml. of blood were used. Points at
which calcium gluconate was administered are in-
dicated with an arrow. These infants survived
and have been followed for a period of at least six
months and are all well. The details of their clin-
ical course are incorporated in another report (17).
One infant in this series died within 24 hours

after the transfusion. The changing citric acid
levels for this infant are shown in Figure 3. On
postmortem examination the liver of this child
showed severe necrosis.
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FIG. 2. CITRIC ACID LEVELS ON Six ERYTHROBLASTOTIC INFANTS TREATED
WITH EXCHANGE TRANSFUSIONS WITH CITRATED BLOOD. EFFECT OF An-
MINISTRATION OF CALCIUM ON THE CITRATE LEVEL

Arrows indicate time of injection of calcium gluconate.

In view of the fact that we were unable to obtain
the true total calcium values on the plasma of the
infant with no symptoms of erythroblastosis fetalis,
we studied the changing calcium values in a child

with erythroblastosis fetalis during treatment with
exchange transfusions. The bloods were dried at

1000 C. and ashed in a muffle furnace at 4750 C.
before analysis so as to remove citrate interference.
The results are shown in Figure 4 and Table III.

DISCUSSION

Examination of Tables I and II indicates a re-

markable ability of the infant with no apparent
liver or kidney damage to remove citric acid from
the blood stream rapidly. After the addition of
60 ml. of citrated blood the citric acid level in the

plasma of the infant should rise, according to cal-
culations, to approximately 60 mg.%.8 Actually,
after the adding of the first 60 ml. of citrated blood,
the level rises to 10 mg.7o. In this infant the
citric acid level never rose above 40 mg.%o while

8 This figure is arrived at by assuming a 275 ml. blood
volume and a hematocrit which is the same in the admin-
istered and endogenous blood. With a 40% hematocrit
the infant's plasma volume would be 165 ml. For a 3
mg.% citric acid level in the plasma the total citric acid
in this plasma would be 5 mg. Sixty ml. of citrated
blood would contain 36 ml. of plasma with a citric acid
concentration of 340 mg.% as determined. The citric
acid content of this plasma would be 122.5 mg.%. The
total citric acid in the combined volume of blood plasma
(165 + 36= 201 ml.) would then be 122.5 + 5 = 127.5
mg. Expressed in mg.% this would be 127.5/2.01 = 63.5
mg.%.
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FIG. 3. CITRIC ACID LEVELS DURING AN EXCHANGE
TRANSFUSION ON AN ERYTHROBLASTOTIC INFANT WHO

DID NOT SURVIVE FOR MORE THAN 48 HOURS AFTER THE

TRANSFUSION

Arrows indicate time of calcium gluconate injection.
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TABLE III

Calcium determination on ashed blood plasma removed from
an infant with symptoms of erythroblastosis during

an exchange transfusion (see Figure 4)

Amt. of Pre-
blood trans- 60 120 180 240* 300 360 420* 480

transfused fusion

Calciumt 10.0 12.8 14.5 15.3 24.0 21.0 15.4 19.0 17.0
mg. %

* After 5 ml. of 10% calcium gluconate were added.
t Determined on ashed plasma.

the blood infused contained a concentration of 340
mg.%. According to the equation derived by
Wiener (5), at the end of a 500 ml. transfusion
85% of the infant's blood has been replaced by the
blood of the donor. At the end of a 1000 ml.
transfusion 987% of the infant's blood has been re-
placed. As early as one hour after the termination
of the procedure the level had dropped to almost the
fasting level. The fasting level for newborn is of
the order of 2-3 mg.% as reported previously (18,
19). A sample taken 19 hours later showed a level
within the normal range.

In the last column of Table II are listed the ac-
tual quantities of citric acid that were removed
from the infants at intervals during the procedure.
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FIG. 4. CITRIC ACID AND TOTAL CALCIUM LEVELS DURING AN EXCHANGE
TRANSFUSION ON AN ERYTHROBLASTOTIC INFANT

Arrows indicate time of injection of calcium gluconate.
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These total 68 mg. as contrasted with 1,020 mg.
infused. The infant retained 952 mg. This would
indicate a retention of approximately 94%o of the
citrate injected. Only 71 mg. remained in the
blood stream at the end of the procedure when
the plasma level was 42.6 mg.%o. This is calcu-
lated on the assumption of a volume of 275 ml. and
a hematocrit of 40%o.

Examination of Figures 2-4 indicates that the
ability to lower citric acid levels in the plasma is
somewhat impaired in the erythroblastotic infants
transfused. Cases 4, 5, 7 and 9 show an im-
mediate elevation of citric acid levels after the ad-
ministration of the first 60 ml. of citrated blood,
to a level of more than 30 mg.%o. Case 9, who died,
showed the highest level at this point (52 mg.%o).
It is of interest to compare these curves with that
of the infant who showed no symptoms of erythro-
blastosis. Comparison can only be made on the
part of the curve obtained before the administra-
tion of calcium gluconate, since injection of this
material causes changes which will be discussed
below.
Each point on the curves represents the ad-

dition of 60 ml. of citrated blood. All cases, with
the exception of the infant who died (Figure 3)
showed spontaneous lowering of citric acid levels
in the face of continued administration of citrate.
Thus all the cases which survived, with the excep-
tion of Case 5, showed lowering of citric acid
levels after the initial rise, indicating a more rapid
removal at these points than the rate at which the
citrate was added. It is of interest to note that Case
5 clinically was the most severely affected of those
who survived. Yet it is apparent that this in-
fant's response to the administration of citrate
clearly showed a less impaired mechanism than
that of the infant who died (Case 9). For ex-
ample, after 180 ml. of citrated blood had been in-
fused (approximately two-thirds the infant's orig-
inal blood volume) the citrate level was at 50
mg.%o. At this same point in the transfusion
Case 9 was at 78 mg.%o. Case 9 showed little re-
sistance to the rising citric acid levels. Similar
comparison of Case 9 with all the other cases
clearly showed the lesser ability of this infant
to lower plasma citric acid levels.
The fate of administered citrate is suggested by

several experimental studies on animals. Rabbits
injected with sodium citrate subcutaneously ex-

hibit an increase in the size of the livers (20).
This increase has been demonstrated to be due in
part to an increase in liver glycogen following the
administration of citric acid (21). It would ap-
pear, therefore, that in these cases of exchange
transfusion the citric acid may be rapidly con-
verted to glycogen and perhaps lipids.
That the major portion of this conversion takes

place in the liver has been shown by the work of
Sjdstrom (22). When livers of rabbits, dogs and
cats were perfused with fluids containing sodium
citrate in concentrations one hundred times as
large as those found in normal sera, after a single
passage the perfusate had a citrate concentration
near to normal levels for that animal. When rab-
bit livers were then poisoned by allyl formate, the
level of serum citrate rose and the perfused liver
showed a markedly diminished ability to metabo-
lize citrate. In confirmation of this, it has been
found (23) that the concentration of citrate in the
portal vein was regularly higher than that in the
arterial blood.
The liver is, however, not the only organ in-

volved in the removal of citrate from the blood
stream. The kidney removes and concentrates
citric acid. The level of citrate in the urine is ap-
proximately 15-50 times that of the serum (11).
The concentration of citrate in the renal vein is
20% lower than that in the renal artery (23).
Citrate is also metabolized in the musculature.
Stoppani (24) has demonstrated rapid metabolism
of injected citric acid in eviscerated dogs.

In conjunction with the clinical symptoms and in
the light of autopsy findings on children who have
died of erythroblastosis fetalis the observations on
the lessened tolerance of erythroblastotic infants
to administration of citrate may be traced to par-
tial liver damage and perhaps concomitant kidney
damage. The liver damage in the infant who died
was so extensive, as observed on postmortem ex-
amination, that very little resistance could be
offered to the rising citric acid values. We postu-
late, from their ability to remove administered
citric acid from the blood stream, that the other in-
fants who showed greater resistance to a rise in
citric acid plasma levels, conversely, had lesser
liver damage and therefore a greater chance of
survival.
At all points where calcium gluconate was in-

jected (Cases 2-9) a rise in citrate level followed.
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In this connection it is of interest that injection of
calcium salts, or of parathormone to raise the cal-
cium level causes a rise in endogenous citrate
levels (25).
That administration of calcium gluconate seems

to interfere with the removal of citrate from the
blood plasma must not be construed, for obvious
reasons, as counterindicating the use of calcium
gluconate to prevent tetany during the procedure.

In the case where calcium values were studied
during the transfusion (Figure 4) a rise in endo-
genous calcium was noted before administration
of calcium gluconate. This probably comes from
the body stores of calcium (skeleton). The re-
sponse is remarkably rapid. Studies on sheep
(26) have shown that injection of citrate causes
a rise in serum calcium which drops to normal after
the citrate has been removed from the blood
stream. Steggerda (27) has shown that oral ad-
ministration of citric acid will cause a retention
of calcium in humans followed later by increase in
excretion in the stools. Similarly, it is probably
from the bone stores that the phosphorus values
are maintained in the face of the continuous ad-
ministration of citrated blood containing half the
inorganic phosphorus found in the infant's serum.
The rise of calcium would therefore represent an
endogenous mechanism for combatting the lower-
ing of calcium ion concentration when citrate is
infused. For the usual exchange transfusion, es-
pecially those involving the transfusion of 1,000
ml. of blood this needs to be supplemented by in-
jection of calcium gluconate.
These findings may explain the clinical obser-

vations of numerous investigators on the use of
citrate as the anticoagulant. Clinical experience
with citrate in transfusions seems to indicate that
it is a non-toxic anticoagulant (28). Further,
large doses of citrate fed to animals over an ex-
tended period of time produced no toxic effects
(29). The liver, the kidneys, the peripheral
musculature and the bone stores all serve to lower
citric acid levels or to neutralize their effect on
calcium and magnesium ion concentration.
A marked disparity exists between the concen-

tration of various blood constituents in the adult
as compared with the newborn. Some of these dif-
ferences are further enhanced by addition of so-
dium citrate to adult blood. Other than the change
in citrate concentration the addition of 60 ml. of

3% sodium citrate to 500 ml. of blood will raise
the total base of the plasma from approximately
150 meq./l to about 175 meq./l (determined as
178 meq./l).4 Table I compares the values for
phosphorus, protein, total base, calcium and citric
acid of the citrated adult blood with the blood
plasma of the newborn with no symptoms of
erythroblastosis.

Despite the fact that blood with a total base of
178 meq./l was administered rapidly and "flushed
through" the circulatory system the total base of
the infant's blood remained within the normal
range (145-155 meq./l). The protein rise was
small and only apparent toward the end of the
procedure. One hour after the procedure was
ended the protein values were falling, they were
below the original fasting level of the newborn 19
hours later. The fall in protein and the appear-
ance of a mild jaundice at the end of 19 hours may
indicate some liver damage. Within 48 hours
after the procedure the infant showed no untoward
effects. Phosphorus levels during and at the
end of the transfusion remained close to that of
the infant's pre-transfusion blood rather than as-
suming the phosphorus level of the donor's blood.
From the observations above it is apparent that

citrate as an anticoagulant has advantages. When
infused, as in an exchange transfusion, into the
newborn it is readily metabolized and removed
from the blood stream restoring the natural clot-
ting capacity of the blood within one hour after
the transfusion is complete. However, a reason-
able amount of liver and kidney function must be
present to make possible the removal of citrate, the
readjustment of total base, protein and phosphorus
levels to their natural level for the newborn.
Using the icterus index and low protein level as

criteria, observed in the control 19 hours after the
transfusion, it must be said that some temporary

4500 ml. of adult blood would contain 300 ml. of
plasma assuming a hematocrit of 40%. With a total
base of 150 meq./l, 300 ml. of plasma would contain 45
meq. The molecular weight of the dehydrate of sodium
citrate is 295. For our purposes it may be assumed to
be 300 so that a 3% solution would contain 100 milli-
moles/l or 300 meq./l. Sixty ml. of this solution would
contain 18 meq. The total plasma volume of the 560 ml.
of citrated blood would then be 300 +60= 360 ml. In
this volume would be contained 45 + 18 = 63 meq. Ex-
pressed in meq./l the citrated plasma would contain 175
meq./l.
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liver damage is produced in this process. How-
ever, in the infant with no symptoms of erythro-
blastosis recovery was observed 48 hours after the
transfusion with return to normal icterus and pro-
tein level.

SUMMARY

1. Exchange transfusions were carried out on
one mongoloid newborn with no symptoms of
liver damage or erythroblastosis and on eight new-
borns suffering from erythroblastosis fetalis.

2. Serial studies done on the blood removed
from the normal infant showed an effective home-
ostatic mechanism to be operative in the case of
citrate, total base, phosphorus and total protein.

3. Administration of calcium gluconate inter-
feres with the rate of citrate removal from the
blood stream.

4. The liver, kidneys, musculature and bone
stores appear to remove or neutralize the effect of
high citrate levels in the blood stream.

5. The erythroblastotic infants showed impaired
ability to remove citrate but showed themselves
still capable of removing massive quantities of ci-
trate from the blood stream.

6. With the exception of one case all infants
seemed to metabolize citric acid more rapidly or
at least as rapidly as it was infused in the early
stages of the transfusion. In this case where the
disease process was most severe citric acid levels
rose steadily throughout the transfusion. The in-
fant died within 24 hours.
The authors would like to express their appreciation to

Dr. A. S. Wiener who kindly permitted us to use his
cases for this study.
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