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STORED bank blood contains an appreci-
able acid load. Patients who require rapid
and sustained transfusions are likely to
have a pre-existing metabolic acidosis.
Concern for the acid-base status of such
recipients is reasonable, and several experi-
ments indicate that the acid load of stored
blood can be lethal to dogs. A number of
authors have therefore proposed the rou-
tine administration of alkalinizing solutions
on an empiric basis in clinical situations
of extensive transfusion.
The excess acidity of stored blood is due

mainly to the citric acid of the anticoagu-
lant and the lactic acid generated during
storage. Both of these organic acids are
normal intermediary metabolites and are
rapidly metabolized under normal condi-
tions. The pre-existing metabolic acidosis
of the recipient is also an organic acidosis
which is rapidly reversed when blood vol-
ume is restored, an effect that is to be ex-
pected from the transfusion of stored
blood. The impact of transfusion on the
acid-base status of the recipient is therefore
not a simple one of buffering and titration
in a closed system, but rather a complex
one involving rates of administration, rates
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of metabolic removal, and the changing
circulatory efficiency of the recipient.
There have been only a few studies of

acid-base changes during rapid and exten-
sive transfusion in man, with contradictory
conclusions."' 35, 60-62 Recommendations for
routine alkalinization during extensive
transfusion, many with specific formulas,
continue to appear in recent publications,7
20, 33, 35, 42, 47, 51, 55, 56, 62 although some au-

thors oppose this practice.10' 15, 27,43 The
most recent edition of the Manual on Pre-
operative and Post-operative Care of the
American College of Surgeons 20 calls for
the most extensive use of bicarbonate dur-
ing transfusion of any formula that we
have found. None of the listed citations
qualify their recommendations in terms of
the clinical condition of the patient, and
none defines extensive transfusion.
The present report deals with acid-base

and lactate studies on a series of combat
casualties during unusually rapid or pro-
longed transfusion with stored blood in
U. S. Army hospitals in Vietnam.

Materials and Methods
The patients were U. S. Army combat

personnel, 18 to 28 years old, and in good
general health before injury. The studies
were begun on admission to the U. S.
Army 93rd Evacuation and 3rd Surgical
Hospitals in South Vietnam. Most casual-
ties were studied less than 1 hour after in-
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TABLE 1. Acid-Base Characteristics (Mean ± 1 Standard Deviation) of Bank Blood

Used in Vietnam During This Study

Number of H+ Pco2 Lactate
Age of Stored Blood Units (nEq./l) pH (mm.Hg) (mg./100 ml. blood

3- 4 hours 3 140 6.86 103 15
11-14days 10 273 4 40 6.56±+.07 151 i 13 92 + 40
15-22 days 33 308 ±ff 37 6.51 i .05 140 i 22 111± 24

jury; none had received more than one
unit of blood or one liter of electrolyte so-
lution before study. The study period was
terminated with cessation of continuous
transfusion or with administration of alka-
linizing solution.
Anaerobic samples of arterial blood were

analyzed on Instrumentation Laboratories
Model 123-S2 and 125A equipment at 370
C. Calibration was performed immediately
before and after each sample run with
known gas mixtures and with standard buf-
fer solutions. Arterial blood for lactate and
pyruvate measurement was immediately
and thoroughly mixed with an equal vol-
ume of premeasured, iced 6% perchloric
acid and centrifuged within 15 minutes.
Determinations were usually performed
without delay, but occasionally the super-
natant was frozen and used later. An enzy-
matic method was used with commercially
available kits (Boehringer and Sons) and
a Gilford Model 300 spectrophotometer.
Thirty-four resting normal combat person-
nel had arterial lactate levels of 6.6 + 2.1
mg./100 ml. blood (mean ± 1 S.D., range
3.9 to 10.2 mg./100 ml.). Hematocrit was
measured by microcentrifugation for 5 min-
utes on an aliquot of the sample for blood
gas analysis. Blood buffer base was derived
from the Singer-Hastings nomogram; "base
deviation" signifies the difference between
the observed value and the value for blood
of the same hematocrit at pH 7.40, PcO2
40 mm. Hg. Rectal temperatures were
taken on all patients during the period of
transfusion. Significant hypothermia was
observed in only one patient. The surpris-
ing lack of hypothermia can be attributed

to the high ambient temperatures (often
over 350 C)., to the fact that much of the
blood was given to the patients when they
were not anesthetized, and to the occa-
sional use of long intravenous tubing pass-
ing through warm water baths.
Bank blood was drawn anaerobically

from the intravenous tubing midway
through actual transfusions and handled
exactly as if it were arterial blood. Most
of the blood used was in the third week
of storage. No patient in this series re-
ceived more than 25% of the total trans-
fusion requirements as fresh blood and for
most, all blood received was in the third
week of storage. The stored blood came
from U. S. military bases in the Conti-
nental United States and Japan. The anti-
coagulant was ACD, NIH solution A, 67.5
ml. for 450 ml. donor blood. All blood was
in plastic bags.

Results
The acid-base status of the bank blood

used in Vietnam during the period of study
is shown in Table 1. The most marked
change during storage was the accumula-
tion of lactate. The base deficit of this
blood was estimated by titration of a few
units in each group: 20-25 mEq./l. for
fresh blood, 28-35 mEq./l. for 10-14 day
old blood, and 33-40 mEq./l. for 15-22
day old blood. Free citric acid was origi-
nally present as about 15.4 mEq./l. of
blood and presumably changed very little
with storage. The lactic acid levels mea-
sured in the samples were 10 to 12 mEq./l.
The major portion of the excess acid load
was therefore accounted for by citrate and
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TABLE 2. Casualties Transfused in the Fiekd Contrasted with Those Not Transfused
(Mean ±- Standard Error)

Transfused Not Transfused

Cuff systolic blood pressure
on admission (mm. Hg) <90 >90 Unobtainable <90 >90

Number of patients 7 28 28 101 322
Arterial pH 7.274 i 0.050 7.365 i 0.012 7.254 : 0.03 7.343 + 0.01 7.405 ± 0.005
Paco2 (mm. Hg) 38.5 i 4.0 40.1 ± 1.3 34.1 ± 1.6 34.1 i 0.8 35.0 ± 0.4
Base deviation (mEq./l.) -9.1 ± 2 -2.4 i 0.6 -9.6 4 1.2 -5.4 ± 0.6 -2.1 ± 0.2
Arterial Lactate

(mg/lOOml. blood) 68 4 17 34 4 5 64 i 9 34 4 3 16 4± 1
Hct. 34.7 ±- 1.5 40.0 4 1.1 34.4 + 0.6 35 4- 0.6 39.4 0.4
Patients with peripheral

injury only 5/7 (71%) 15/28 (54%) 10/28 (36%o) 43.6% 60.9%
Number of units transfused 5.4 ± 1.5 4.1 i 0.4 0 0 0
Time from injury to study

(hours) 3.140.7 2.84±0.6 2.4±0.6 1.940.3 1.940.1

lactate. The high Pco2 represents liberation
of CO2 from bicarbonate in buffering the
acid anticoagulant and the generated lactic
acid in the closed system of the blood bag.
Equilibrating this blood with alveolar gas
tensions raised the pH about 0.2 units.
A small group of casualties who were

transfused in the field were compared with
a larger non-transfused group according to
blood pressure on admission (Table 2).
The transfused casualties were more aci-
demic, but they were injured severely
enough to warrant use of uncrossmatched
blood in the field or in helicopters, and
many had recently been severely hypo-
tensive.
The bulk of our studies dealt with serial

changes in individual patients during trans-
fusion. These patients are divided into two
groups, 17 transfused very rapidly, and 19
transfused to a large total volume in a

single continuous transfusion (Table 3).
The effect of the transfusion is presented
in terms of acid-base status at the begin-
ning and at the end of the transfusion
period, and considered from three methods
of grouping; lowest observed blood pres-
sure during transfusion, Table 4; base
deficit at the onset of transfusion, Table 5;
and blood pressure at the end of the pe-
riod of transfusion, Table 6.

When the data are examined according
to the lowest blood pressure recorded be-
fore or during transfusion (Table 4), there
was lessening or reversal of the base deficit
at the end of the period of transfusion in
all groups with the most marked improve-
ment occurring in the large volume trans-
fusion series. The only persisting mean
base deficits occurred in the rapid trans-
fusion series. The changes in mean lactate
levels were inconsistent and not statisti-
cally significant. As a result there was

marked increase in the blood buffer base
relative to the lactate level for all groups
at the end of the transfusion period.
When the results are considered accord-

ing to the degree of base deficit before
transfusion (Table 5), again there was no

marked increase in base deficit for any

sub-group and the only significant base
deficits persisting after transfusion were in
the rapid transfusion series. The groups

with severe base deficits before treatment
had the most impressive improvement,
even when rapidly transfused, while those
with fairly normal acid-base values had a

slight worsening of base deficit and a sig-
nificant increase in lactate at the end of
transfusion.
The most clinically significant relation-

ship is presented in Table 6, where groups

8
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OPERATIOA
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FIG. 1. Patient with
multiple blast amputa-
tions and penetrating
wounds in unusually se-
vere acidemia on admis-
sion, treated with trans-
fusion of stored blood as
indicated without addi-
tional alkalinizing solu-
tions. Lactic acidosis was
rapidly reversed and a
mild metabolic alkalosis
was evident by 20 hours
after admission.
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are arranged according to blood pressure

at the termination of the sampling period.
The initial base deficit was corrected in
patients transfused with large volumes at
relatively slow rates, whether or not ar-

terial blood pressure was restored above
90 mm. Hg. In those rapidly transfused,
there was significant improvement in the
base deficit when blood pressure was re-

stored, but not when the blood pressure

remained below 90 mm. Hg. Some indi-
vidual patients in this last sub-group had
deterioration of acid-base balance. Six of
these seven patients had continuing exten-
sive hemorrhage. Two of the three deaths
during extensive transfusion occurred in
this sub-group.

There were several patterns evident in
the serial studies of individual patients.
The patient whose data are shown in Fig-
ure 1 sustained two major blast amputa-
tions and multiple penetrating wounds. He
remained untreated for over an hour and
arrived in unusually severe acidemia, ar-
terial pH 7.12, base deficit of 20 mEq./l.,
and a lactate level of 139.5 mg./100 ml.
During rapid and prolonged transfusion,
with a maximum rate of 12 units in 1 hour,
he improved consistently in vital signs and
urinary output, with correction of the base
deficit and an almost constant fall in lac-
tate level. Because his injuries were all in
the limbs, blood loss was moderately well
controlled with tourniquets, even during

TABLE 3. Extensively Transfused Patients

B. Large Total Volume Continuous
A. Rapid Rate of Transfusion Transfusion

Number of patients 17 19
Mean values
(41 S.E.) 15.4 =1: 1.6 units in 1.9 i 0.2 hours 28.7 :-+ 2.4 units in 9.1 4 1.0 hours

Maximum volume 28 units in 1.5 hours 66 units in 22 hours
Maximum rate 28 units in 1.5 hours 37 units in 6.5 hours
Minimum volume 6 units in 0.5 hour 19 units in 4 hours
Minimum rate 12 units in 2.75 hours 25 units in 16 hours

9
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TABLE 4. Extensively Transfused Patients Grouped by Lowest Blood Pressure
before or during Transfusion (Mean 4 1 Standard Error)

Lowest systolic Blood
pressure (mm. Hg.)

Number of patients
Number of units transfused
Duration of transfusion

(hours)
Relationship to transfusion
Arterial pH
Paco2 (mm. Hg)
Base deviation (mEq./l)
Arterial lactate

(mg./100 ml. blood)

A. Rapid Transfusion Series

Unobtainable
6

17.1 4 2.8

Before
7.228 i 0.044
37.8 i4.1

-11.3 i 2.6

58 4 10

<90
11

14.5 ±t 2

2 i 0.6
After

7.278 i 0.060
41.5 4 2.7
-7.6 4 2.6

52 i 6

1.9 4 0.2
Before After

7.29 i 0.051 7.306 4 0.033
35.4 ±t 2.2 44.7 =1= 2.4
-8.5 + 2.8 -3.9 i 1.8

51 dt 14 53 i 8

B. Large Volume Transfusion Series
Lowest systolic blood

pressure (mm. Hg)
Number of patients
Number of units transfused
Duration of transfusion

(hours)
Relationship to transfusion
Arterial pH
Paco2 (mm. Hg)
Base deviation (mEq./l)
Arterial lactate

(mg./100 ml. blood)

multiple simultaneous debridements. At
the termination of the period of continuous
transfusion, he had a mild base excess.

This general pattern of response was char-
acteristic of casualties who arrived with an

established metabolic acidosis but in whom
bleeding could be moderately well con-

trolled and in whom the rate of transfusion
easily exceeded the rate of blood loss.

In Figure 2, the sequence of changes in
lactate, base deviation, and blood pressure

are shown in two casualties in whom blood
loss during operation exceeded the trans-
fusion rate for a sustained period of time.
Both began with mild base deficits and lac-
tate elevations, which rapidly worsened
during extensive and bloody debridements.
When hemorrhage was controlled (restora-
tion of blood pressure), base deficits were

corrected earlier than were the elevated
lactate levels.
The courses of two patients who died

of exsanguination during extensive trans-

fusion are presented in Figure 3. Both re-

ceived large quantities of alkalinizing solu-
tions (and calcium, not shown) before
death. The studies in L. K. were continued
after the bicarbonate was given and dem-
onstrate the difficulty in chemically revers-
ing the acidosis of hypoperfusion when the
perfusion itself cannot be improved.
The remaining death during transfusion

occurred in a patient who had perfusion
restored to an essentially dead leg and who
developed profound clotting abnormalities,
uncontrollable generalized bleeding, anu-

ria, and severe pulmonary insufficiency-
almost certainly a prolonged course of dis-
seminated intravascular coagulation and
fibrinolysis, perhaps initiated and sustained
by the dead but perfused leg. As can be
seen in Figure 4 this patient died in shock
but without acidemia.

Three patients died during rapid trans-
fusions in whom initial blood samples were

obtained. They were not included because

10

Unobtainable
11

31.5 ±t 3.8

8.9 it 1.4

<90
8

24.8 4± 1.6

Before
7.355 :- 0.035
30.6 4- 3.1
- 7.8 :1- 1.5

After
7.405 -:- 0.025
40.4-- 2.1
+0.2 -=- 1.2

9.3 4- 1.6

55 - 13

Before
7.396 - 0.023

36-- 3.4
-3.2 ± 1.4

48 A- 8

After
7.37 IF 0.038
49.6 4± 5.5

+1.4 :1 1.1

39 - 1234 4± 6
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there were no follow-up studies. These pa-

tients had initial base deficits of 7, 9 and
14 milliequivalents per liter, and received
6, 9 and 11 units of blood in less than an

hour. All died of exsanguination from intra-
abdominal bleeding.
Two patients in this series died after ces-

sation of transfusion, at 43 hours and 8
days after admission, with peritonitis and
with gram negative bacteria recovered
from blood cultures. Most of the remaining
patients in this series were doing well
when evacuated, but our follow-up infor-
mation beyond this is poor.

Discussion
Transfusion
The present study indicates that decom-

pensating acidemia is not to be expected
during rapid and extensive transfusion in
previously healthy adults who respond
well. The rates of transfusion often ap-
proached or remained at one unit of blood
every 5 minutes, but rarely exceeded that
level for any sustained period. We found,
in fact, that it was difficult to exceed that
rate by the transfusion methods used, mul-
tiple intravenous portals with transfusion
from plastic bags under pressure. The only

TABLE 5. Extensively Transfused Patients Grouped by Initial Base Deficit
(Mean 4 1 Standard Error)

Base deficit before
transfusion

Number of
patients

Number of units
transfused

Duration of
transfusion
(hours)

Relationship to
transfusion

Arterial pH
Paco2 (mm. Hg)
Base deviation

(mEq./l.)
Arterial lactate

(mg./100 ml.
blood)

A. Rapid Transfusion Series
Mild Moderate

(-4 mEq./l. or less) (-4 to -10 mEq./l.)

6 4

15.7 4 7.6

2.4 i 0.4

Before
7.38 i 0.05
38.9 4 4.9

12.3 i 4.4

1.8 4 1.2

After
7.32 4 0.08
48 4 8.8

-1.7 i 2 -2.6 4 2.5

25.8 i 20 43.5 4 10

Before
7.32 4 0.1
43.3 7.7

After
7.25 0.2
44.2 4 5.5

-5.5 4 0.9 -6.4 4 10.9

44.5 i 21 46.2 i 33.5

Severe
(Greater than -10 mEq./l.)

7

17.1 i 7.1

1.5 4 0.6

Before After
7.14 4 0.14 7.30 0.1
32.3 41 7.2 39.4 5.4

-17 6.5 -6.6 5.1

89.3 4 31 56.3 4 34

Base deficit before
transfusion

Number of
patients

Number of units
transfused

Duration of
transfusioii
(hours)

Relationship to
transfusion

Arterial pH
Paco2 (mm. Hg.)
Base deviation

(mEq./l.)
Arterial lactate

(mg./100 ml)

B. Large Volume Transfusion Series
Mild Moderate

(-4 mEq./l. or less) (-4 to -10 mEq./l.)

7

28.3 i 16.8

9.4 7

Before After
7.44 0.08 7.33 0.08
34.5± 11 47.9± 12.3

-0.9 i 2.7 -1.3 3.5

9

28.2 5.3

9.4 2.8

Before After
7.35 0.06 7.44 0.06
33.8 10.4 39.6 7.7

-6.1 i 1.6 +2.4 3

Severe
(Greater than -10 mEq./l.)

3

31 5.2

7.5 4 0.8

Before
7.27 0.13
26.3 5.3

After
7.43 0.06
39.3 2

-13.3±4 +1.3±4

35± 13 56±31 38± 19 35± 16

11

74 -4- 57 26 4- 11
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TABLE 6. Extensively Transfused Patients Grouped by Blood Pressure at End of Transfusion
(Mean ± 1 Standard Error)

Cuff systolic blood pressure
(mm. Hg)

Number of patients
Number of units transfused
Duration of transfusion (hours)
Relationship to transfusion
Arterial pH
Paco2 (mm. Hg)
Base deviation (mEq./l.)
Arterial lactate (mg./100 ml. blood)

A. Rapid Transfusion Series

<90
7

17.6 4 2.2
1.94 0.4

Before After
7.263 i 0.045 7.207 ± 0.045
38.9 ± 3.1 45.5 4 1.9
-9.1 :1= 2.5 -9.8 ±t 2.5

54±t16 6848

>90
10

144 2.3
1.9 4 0.3

Before After
7.272 ± 0.055 7.359 i 0.025
34.4 ± 2.6 42.2 ± 2.8
-9.6i3 -1.941

53 4± 14 40 ± 5

B. Large Volume Transfusion Series

Cuff systolic blood pressure
(mm. Hg)

Number of patients
Number of units transfused
Duration of transfusion (hours)
Relationship to transfusion
Arterial pH
Paco2 (mm. Hg)
Base deviation (mEq./l.)
Arterial lactate (mg./100 ml. blood)

<90
5

35.2 ± 7.9
11.4 ± 2.7

Before
7.33 0.068
33.9 ±- 5.5
-8.1 2.9

85 29

After
7.398 ±- 0.044
44.2 8.1
+0.3 ±- 1.2

63 ±t 15

evidence of decompensation was noted in
some patients who did not respond to
transfusion by the usual clinical criteria of
rising blood pressure, adequate urinary
output, slowing pulse, and improved skin
color and mental status. All such patients
had rapid continuing blood loss and it is
likely that this acidemia was due to shock
at least as much as to transfusion.
Burton and Holderness 13 found that

base deficits developed with rapid trans-
fusion during hemorrhage, but cleared rap-
idly with restoration of the circulation.
They stated that these deficits did not
occur when heparinized blood was used
but this was not supported by the data
presented. Foote et al.27 demonstrated the
rapidity with which the acid load was

cleared when citrated blood was used as

the prime for cardiopulmonary bypass.
Schweizer and Howland 60, 61 came to con-

clusions similar to ours in their early stud-
ies on patients undergoing extensive resec-

tions for cancer, but recently have become
advocates of routine alkalinization during

transfusion because of a clinical series
which showed decreased mortality in pa-

tients receiving over 20 units of blood and
given sodium bicarbonate.35 62 This series
was not randomly selected and did not in-
clude concurrent controls. Age, associated
disease, operative risk, causes of death, and
anesthetic agents were not compared for
the two groups. One hopes that operative
mortality for major cancer resections is de-
creasing, but it is doubtful that this is due
to use of bicarbonate.
The three main acidifying elements in

stored blood are carbon dioxide, lactate,
and citrate. Changes in the first two were

studied in this series and there is indirect
evidence relating to citrate conversion.
The accumulated CO2 in a bag of blood

should be rapidly excreted, but in most

patients there was a higher Paco2 after
transfusion, often exceeding normal. The
ventilatory response is relatively blunted
in acute addition metabolic acidosis be-
cause the blood brain barrier delays entry
of organic acids into the CSF but allows

12

>90
14

26.4 ± 1.6
8.3 ± 1

Before
7.387 ± 0.019
32.5 + 2.6
-5.2 ± 1.2

37 ±t 4

After
7.387 ±t 0.025
44.3 ±4- 2.6
+0.5 ± 1

40 ± 9
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immediate equilibration of PCO2 resulting
in a normal or even alkaline CSF.48 50,57
This could not explain a higher than nor-
mal Paco2 with a lower than normal arterial
pH, however, as was observed in many of
these patients. This may have been due to
increased production of CO2 during res-
toration of peripheral perfusion, to ven-
tilatory depression by narcotics or anes-
thetic agents, or to decreased central ner-
vous sensitivity to CO2 or [H +] due to
previous hypoperfusion.'9
Average lactate levels after transfusion

were similar to those before transfusion,
both levels being well below those found
in bank blood, so that the lactate adminis-
tered exogenously as part of the stored
blood did not markedly elevate the recipi-
ent's lactate levels. Patients whose lactate
levels were very high before transfusion
tended to have a significant fall in lactate
even during rapid transfusion (Fig. 1),
while those who began with very low levels
developed marked increases during trans-
fusion (Fig. 2). These latter patients usu-
ally underwent the major part of their
blood loss during transfusion and it is im-
possible to separate the hyperlactatemia
of shock from that due to transfusion. The
initial response to rapid transfusion, then,
was a tendency to approach the lactate
level of the blood being infused. Subse-
quent changes indicate that this was not
a sustained effect and that the recipient's
circulatory status was the most important
determinant of his blood lactate level.

Schweizer and Howland 62 reported lac-
tate changes in 50 patients during elective
operations, 23 of whom were extensively
transfused. Some patients exhibited a high
total lactate but low Excess Lactate, and
this was most marked in those receiving
the most blood. The authors interpreted
this as indicating that the lactate must have
been exogenous, that is, from the trans-
fused blood, because the low Excess Lac-
tate values indicated little anaerobic me-

WOUNDED COMBAT CASUALTIES

PATIENT C.A.
+2

Base -2 F
Deviation
(mEq/L)J

-6L

13
PATIENT C.K.

-2

-6

120 60
Arterial Blood Pressure

(mm. Hg)

FIG. 2. Changes in arterial lactate level and
base deviation in two casualties in fairly normal
acid-base balance before transfusion, whose bleed-
ing exceeded the early rate of transfusion. The
fractions indicate number of units of blood trans-
fused/number of hours between data points. The
arrows indicate the sequence of changes. With
restoration of blood volume (rising blood pres-
sure), base deficits were corrected earlier and
more completely than were elevated lactate levels.

tabolism. This seems arbitrary since ex-
actly the same picture is seen during
recovery from endogenous lactic acidosis,
which presumably would be most severe

PATIENT J.M.

0r

-6
Base 61K-\iDeviation -12-

I
(mEqIL) 18 I

-24.

PATIENT L.K.

120

..^ 1 10O Arterial
Lactate

80 (mgmIlOOmI blood)
/, _ 60

------

40

,50 Arterial
7.30 - 40 pCO2730 -. ~~~~~(mmHg)

Arterial 720
pH 7.10

7.00

Arterial 100o
Blood Pressure 50 oz(mm H9) 0

Jalso 10 15 20 10 20 28
Blood t t t t t

Sodium 400 + +
Bicarbonate 200 .

(mEq 20
Cumulative) ol 0, 2

HOURS AFTER ADMISSION

FIG. 3. Two patients who died of exsanguina-
tion during rapid transfusion. Patient L. K. illus-
trates the quantitative difficulty in trying to re-
verse the acidosis of hypoperfusion when the
hypoperfusion persists.
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FIG. 4. Patient with a
perfused but dead leg
who developed anuria,
pulmonary insufficiency,
generalized bleeding and
profound clotting abnor-
malities. Acidosis did not
develop despite pro-
longed hypotension and
transfusion of 60 units
of blood in 16 hours.
The blood lactate level
rose steadily after the
twelfth hour despite the
use of fresh blood be-
yond that point.

2 4 6 8 0- - 12 14 16
NM.AF1!R -

in those requiring the most blood. In addi-
tion, it is doubtful if such precision can be
attributed to the Excess Lactate measure-

ments.19 Since the blood lactate level in
many of their patients exceeded the level
reported by the authors for the bank blood
used, it is doubtful that the blood trans-
fusions caused the elevated lactate levels.
The blood level of lactate is the result

of a dynamic equilibrium which can in-
volve high rates of input and conversion,
both markedly influenced by changes in
perfusion. This is illustrated by the ability
of normal adults to rapidly clear large in-
fused loads of lactate,22' 28, 30, 66 large lac-
tate loads resulting from strenuous exer-

cise, 23, 41, 54, 58, 70 and even infused lactate
while carrying elevated blood lactate levels
due to previous fluid loss or operation,29
311 37 and by the marked regional differences
in metabolism of lactate in viscera (con-
sumption) contrasted with skeletal muscle
(production) during hemorrhage.3' 5 38, 45

Citrate levels were not measured in these
patients, but the rapidly changing relation-
ship of lactate levels to base deviation re-

flected the rapid metabolic conversion of
the sodium citrate in the anticoagulant to
available base.43 Citrate has long been

known to be rapidly metabolized, and to
become toxic only at high rates of admin-
stration.59 A number of clinical studies
have documented elevated citrate levels in
patients rapidly transfused or being infused
with citrate solutions." 12, 34, 44 More than
moderate elevations were usually found
only at transfusion equivalents greater than
one unit every 5 minutes for a 70 Kg.
recipient.

Acidosis

There may be circumstances in which
severe acidemia, even if theoretically
transient, should be prevented or reversed.
Nahas and associates 52 and Hunt 36 both
have demonstrated that the lethal effects of
rapid transfusion of stored citrated blood
into dogs after severe or prolonged hemor-
rhage can be prevented by administration
of exogenous alkalinizing solution. Hunt
used more clinically equivalent blood
(acidified with L (+) lactic acid rather
than hydrochloric acid) and found that
this phenomenon occurred in animals in
which ventilatory response to acidosis was

deteriorating. The rates of transfusion in
both studies were extremely rapid (50-
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70%o of blood volume in 10 minutes or less)
and surpassed anything we achieved clini-
cally even with frantic efforts by multiple
teams. In both studies, calcium was as ef-
fective as alkali in preventing death.
Some of our patients did become aci-

demic during rapid transfusion, and more
frequent sampling may have detected more
severe acidemia. Most of them rapidly re-
versed this acidemia without administra-
tion of alkalinizing solutions, however.
Those who remained in significant aci-
demia could be detected on clinical
grounds by failure to respond satisfactorily.
Continued hemorrhage was usually an ob-
vious cause for this. Administration of al-
kali to some of these patients was without
effect, even when the acidosis could be re-
versed or lessened (Fig. 3).
Abundant laboratory evidence indicates

little influence on survival in hypovolemic
shock when the acidemia alone is pre-
vented or reversed.4 8 53, 63 It has been dif-
ficult to demonstrate a deleterious cardio-
vascular effect of acidemia itself in clinical
studies 17, 26 or to detect clinical benefit
from exogenous reversal of the acidosis in
human shock states except in circumstances
where there is significant pre-existing myo-
cardial disease.2" 46 64 71 Restoration of vol-
ume without correction of the severe acido-
sis in patients in shock with asiatic cholera
has been accomplished with saline infu-
sions; blood pressure and pulse were re-
stored, and serum potassium and electrocar-
diographic abnormalities were reversed.14
Severe acidosis routinely occurs in exhaust-
ing exercise. Arterial pH approaches 7.1
or below and lactate levels are above 100
to 200 mg./100 ml.2' 9, 23, 41, 48, 49, 68 Cardio-
vascular performance during these states is
impressive despite the acidosis. There have
been several reports of patients in diabetic
acidosis with arterial pH's below 7.0 and
base deficits exceeding 20 mEq./l. Shock
was not often present, and almost all sur-
vived."1 6, 24,89 Certainly in treating hemor-
rhagic shock, prompt restoration of the cir-
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culating blood volume is far more impor-
tant than reversal of the acidosis by exoge-
nous means.

Alkalosis

The dangers from the use of alkalinizing
solutions are mainly theoretical. Unneces-
sary alkalinization during citrate infusions
should increase the danger of hypocalcemia
by increasing the binding of calcium ion
by plasma proteins.25 67 Sudden shifts in
[H +] produce sudden changes in myo-
cardial extracellular/intracellular K+ ra-
tios which may not be desirable.65 Severe
alkalemia will depress ventilation 40 and
can induce large urinary losses of potas-
sium.32 Oxygen delivery by stored blood is
impaired because of 2,3-DPG depletion
with increased oxygen affinity.16' 69 Alka-
linization further increases the affinity of
hemoglobin for oxygen and theoretically
could intensify this impairment.
Bank blood is itself alkalinizing because

of its sodium citrate content 43; unnecessary
additional alkali will intensify the post-
transfusion alkalosis. If sodium bicarbonate
is used, a large sodium load may be added
to a patient who is already a candidate for
pulmonary complications.'8 If the patient
whose course is given in Figure 1 had been
given sodium bicarbonate according to the
recommendations in the Manual on Pre-
operative and Post-operative Care, he
would have received from 1,250 to 2,100
mEq. of additional sodium during the first
24 hours. Using the more cautious formu-
las, he would have received about 313
mEq. Any amount would have been un-
necessary. If THAM is used, there is a
danger of immediate respiratory arrest and
hypoglycemia.

Clinical Implications

The patients in this study were in un-
usually fine general health and were ath-
letically conditioned before injury. Hypo-
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thermia was avoided. Presumably they
represent the maximum efficiency of the
protective mechanisms against the occur-
rence and the effects of acidosis, hypo-
volemia, and citrate toxicity. Metabolic de-
fenses are less efficient during hypothermia,
impaired liver function, and in the new-
born. Normal defenses may be over-
whelmed by sustained rates of transfusion
exceeding one unit every four to five min-
utes for an adult. Pre-existing myocardial
disease may increase the dangers of any
acidosis that occurs. Under any circum-
stances, however, it seems likely that pa-
tients responding to transfusion in a favor-
able manner do not require pharmacologi-
cal manipulation. The need for such inter-
vention should be based upon objective
studies of the acid-base status. When the
rapidly transfused patient is responding
poorly and objective studies are not avail-
able, it would seem advisable to administer
calcium as well as alkali because sudden
alkalinization might intensify hypocalce-
mia and because the same circumstances
which produce decompensating acidemia
also reduce the ability to convert infused
citrate.

Summary and Conclusions

Acid-base changes during rapid and ex-
tensive transfusion were serially studied
in 36 combat casualties. Patients who re-
sponded well to transfusion easily handled
the infused acid load of the stored blood
and reversed pre-existing metabolic acido-
sis, when present. Worsening acidemia dur-
ing transfusion was associated with uncon-
trolled hemorrhage and was likely due
more to shock than to transfusion.

This population was unusually healthy
before injury, hypothermia was avoided,
and the rate of transfusion was not sus-
tained above one unit every five minutes.
Under those circumstances, and probably
under most clinical circtirnstainces, routine
empiric administration of alkalinizing solu-
tion during rapid or sustained transfusion

is not necessary. It should be considered
only in patients who are not responding
well, should be based upon objective mea-
surements of acid-base status, and upon
theoretical grounds, should be accom-
panied by cautious administration of
calcium.
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