
Impairment of Red Cell Viability by Exposure to

“Excess” Acid-Citrate Dextrose

By KLAUS MAYER, ALLYN B. LEY AND JOSEPH D’AMARO

ARLY IN THE DEVELOPMENT of the Cr’1 method for the measure-

.4 ment of red blood cell survival, it was demonstrated by Ebaugh et al.’ that

excess concentrations of chromium were toxic and impaired the viability of red

blood cells. Accordingly, in order to achieve an adequate level of radioactivity

when tagged blood was injected into the experimental subject, relatively large

volumes ( about 30-50 ml. ) of blood were used. About 10 years ago, commer-

cial sources made available 100 ml. sterile bottles containing “isotonic”2 ACD

solution in 10 ml. volumes. It was anticipated that about 50 ml. of blood would

he added to such a bottle, after which radioactive sodium chromate solution

would be added in appropriate amounts, and the mixture incubated for 30

minutes before injection into the experimental subject. This procedure was

convenient, expeditious, and generally satisfactory.

In more recent years it has been possible to obtain radioactive sodium

chromate of greatly increased specific activity, thus permitting the use of very

much smaller volumes of blood without risking the red cell damage from too

high concentrations of chromium. Indeed, there are a number of advantages to

the use of small volumes of blood in survival studies, the most prominent of

which is that it then becomes possible to administer potentially incompatible

red cells without risk of serious consequence to the recipient. In the course of

performing studies of this kind, even though we might have tagged only 10 to

20 ml., we usually used the commercially prepared bottle containing 10 ml. of

ACD solution. Because we found some unexpectedly rapid losses of circulating

radioactivity, we investigated the relation of rates of Cr” disappearance to the

conditions under which the tagging procedure was carried out.

MATERIALS AND METHODS

The standard bottles used contained “isotonic” ACD and were those commercially

available through Abbott Laboratories. These siliconized glass bottles contained! a sterile
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514 MAYER, LEY AND DAMARO

solution consisting of citric acid, 80 ii�g. ; sodium citrate (anhvdrous), 250 ing. ; and dextrose,

120 mg. in 10 ml. of water.

Specially prepared pyrogen-free solutions were made available by Abbott Laboratories

containing sterile citric acid, 4 per cent, and sodium citrate. 12.5 per cent. These were used

to modify the concentration of citrate in the various tagging mixtures.
Twenty ml. of venous blood were collected without stasis from hematologically normal

volunteers with an 18-gauge needlle and a 50 ml. syringe. The blood was immediately

placed into a siliconized bottle containing the test solution and mixed by gentle rotation. An

aqueous solution of radioactive sodium chromate#{176} in a maximum volume of 0.5 ml. was
added to the mixture. Depending on the conditions of the experiment, the mixtures were

either incubated at 37 C. for 30 minutes or left at room temperature for 30 minutes. The

room temperature ranged between 21 and 22 C. After incubation, the tagged mixtures were

immediately reinjected into the subject. Samples of the tagged mixtures were kept for use

as standlards and also to determine the efficiency of the tagging procedure. In no instance

was more than 5 per cent of the radioactivity not bound to the red cells. Since not more

than 12 per cent of the injected unbound Cr” would tag recipient red cells, error due to in

vivo tagging was considered negligible.

Blood samples were collected in heparin within 2 hours. usually again in 4 to 6 hours,

and then daily. All samples were washed with isotonic NaC1 4 times and then reconstituted
to their original volumes with distilled water. Complete hemolysis of the samples was

attained by the addition of a small quantity of saponin in order to obtain uniform geometry

for counting in the saniple tubes.

The samples were counted in an automatic, well-type scintillation counter. All were

counted in duplicate and a minimum of 10.000 counts was recorded from all samples. The

radioactivity ratio of sample to background was always greater than 5:1.

In each study, a d!etermination of blood volume was done, based on the level of

circulating red cell radioactivity in samples dirawn within the first 2 hours after transfusion.

In each instance these determinations gave results that fell within the normal range of

blood volume estimations based on the subjects body weights. Accordingly, it was felt

justified to use as 100 per cent values the levels of red cell radioactivity in the samples

drawn within the first 2 hours after transfusion.

Studies on doubly tagged cells were performed as follows. To each of two polycythemic

patients Fe’9 was administered intravenously. After the red cell Fe’9 activity reached a

plateau. blood was drawn, incubated with the various mixtures and with Cr51. as in the

other experiments. The doubly tagged blood was then administered to compatible recipients

and its survival was followed. Discrimination of Cr” and! Fe’9 was based on the difference

in energy as determined! b�’ a pulse height analyzer.
Studies on changes in red cell size were done as follows. A hematocrit was done on an

aliquot of heparinized blood. To a 1 ml. aliquot of the blood was added a measured volume

of ACD, or its modification, so that the proportions indicated in Table 6 were obtained.

The hematocrit observed on this diluted blood was then compared with the hematocrit to

be expected by calculation if there were no changes in red cell size.

RESULTS

Effect of Varying Proportions of Blood ACD

Table 1 shows levels of circulating red cell radioactivity in experimental

subjects 24 and 48 hours after the autotransfusion of blood incubated with

various proportions of ACD. When the ratio of blood to ACD was 5:1, the 24-

hour level of radioactivity was found to be 96.5 per cent (S.D. = 2.5) and at

48 hours to be 94.2 per cent (S.D. = 2.0) (Experiments 1-15). In Experiments

40-52 and in Experiment 54 the ratio of blood to ACD was 2:1. It is apparent

#{176}Rachromate, Abbott Laboratories.
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IMPAIRMENT OF RED CELL VIABILITY 515

Table 1.-Survival of Red CelLs Incubated with Varying Proportions

of ACD at 37 C. for 30 Minutes

Per Cent Red Cell Survival

Experiment Blood ACD
(No.) (ml.) (ml.) 2-6 hr. 24 hr. 48 hr.

1 20 4 100.0 98.5

2 20 4 98.6 96.2
3 20 4 100.0 94.6

4 20 4 99.2 96.1 90.0

5 20 4 94.8

6 20 4 98.2 94.5 90.5

7 20 4 100.0 94.2 93.2
8 20 4 97.2 95.4

9 20 4 95.6 93.5

10 20 4 89.7 92.0

11 20 4 97.0 97.8
12 20 4 98.0 95.0

13 20 4 96.5 94.3

14 20 4 97.0 95.0

15 20 4 98.2 96.0

Mean (Standard Deviation) - 96.5 (±2.5) 94.2 (±2.0)

40 20 10 100.0 94.4 53.3

41 20 10 100.0 53.5 24.1

42 20 10 83.0 47.3 9.9

43 20 10 97.1 10.0 1.0

44 20 10 94.1 42.1 15.5

45 20 10 89.4 28.2

46 20 10 84.4 12.8
47 20 10 85.5 20.6

48 20 10 52.3

49 20 10 77.4 37.4

50 20 10 96.6 36.6

51 20 10 93.7 95.5 83.2

52 20 10 94.6 13.0 1.3

53 20 9 100.0 23.9 2.9
54 20 10 78.2 74.5
64 20 8 94.9 86.4

65 20 7 96.5 96.1 89.1

75* 20 10 64.4 2.8 1.2

#{176}Cellstagged with Fe’9 only without exposure to chromate.

that in these studies there was a striking difference from previous ones. There

was a marked loss of radioactivity, which became particularly evident after 24

or 48 hours. The results are shown graphically in Figure 1.

In Experiments 53, 64, and 65 incubation mixtures intermediate between 5:1

and 2:1 were used. Radioactivity at 24 and/or 48 hours was appreciably less

than when the 5:1 proportion was used, but the extent of the difference was

not quantitatively predictable.

Demonstration that the Fall in Circulating Radioactivity Is due to Loss of Red

Cells and not to Elution of Cr�

To ascertain whether the unexpected drop in radioactivity was due to ac-

celerated elution or impaired red cell viability, a technic of double isotope
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} 5:1
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Fig. 1.-Short-term Cr” red cell survival following incubation at 37 C. for 30
minutes with ACD in 5:1 and 2:1 ratio.

labeling was used. Blood, already tagged with Fe59 (see METHODS), was in-

cubated at 37 C. for 30 minutes with Cr” in the two different proportions of

ACD. In two different experiments (Donors I and II) blood from each mixture

was transfused into a compatible recipient, and the radioactivity due sepa-

rately to Cr” and Fe’#{176}was followed (Fig. 2).

As expected, there was no unusual fall in either Cr5’ or Fe59 activity in the

recipients of the bloods which had been incubated in a 5:1 ratio with ACD

(Recipients A and C). In contrast, there was a striking fall in both Cr5’ and

Fe’9 activity in the recipients of the blood incubated in the 2:1 ratio (Recipi-

ents B and D). Furthermore, it should he noted that the fall in activity of each

isotope is proportionately the same.

In order to test the possibility that in the 2:1 blood/ACD mixture the addi-

tion of the Cr” was somehow damaging to the red cells,3 blood from one of

these donors was incubated in a proportion of 2:1 with the ACD and no Cr5’

was added. There was again the striking fall in circulating radioactivity within

the first 24 hours after reinjection (Experiment 75, Table 1).

Since these observations showed that the fall in circulating radioactivity was
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2 0

due not merely to loss of Cr” by elution, hut to an actual loss of cells,

unrelated to the chromate present, the effect of varying the conditions of the

incubation procedure was studied.

Effect of Temperature of Incubation

When blood in a 2:1 ratio with the ACD was kept at room temperature

(21-22 C.) for 30 minutes instead of at 37 C., the fall in circulating radioac-

tivity at 24 and 48 hours after subsequent transfusion was not nearly so great.

In two of the three studies shown in Table 2, however, the level of circulating

red cell radioactivity at 24 or 48 hours was less than expected by more than

two standard deviations.

Effects of Addition or Deletion of Dextrose

In Experiment 38 (Table 3) dextrose was added to the 5:1 blood/ACD

mixture so that the final concentration of dextrose approximated that of the 2:1

blood/ACD mixture. This excess of dextrose was not associated with a de-

crease in viability of the red cells. Conversely, when dextrose was completely

deleted from the 2:1 blood/ACD mixture (Experiment 58) viability was still

compromised.

Effects of Varying pH and Citrate Concentrations (Table 4)

The pH of the special ACD is 5.00; the mixture of blood with ACD in

ratios of 2:1 and 5:1 results in pH’s of 6.10 (±0.10) and 6.70 (±0.15), respec-

tively. In order to evaluate the effect of pH, independent of citrate concentra-

tion, the pH of the 2:1 mixture was increased to 6.70 by the addition of 2N

NaOH, and the pH of the 5:1 mixture was lowered to pH 6.10 by the addition

of 2N HC1. (The volume of acid or base necessary to achieve the desired pH

was determined by experimentation with an aliquot of the blood to he chro-
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518 MAYER, LEY AND D’AMARO

Table 2.-The Effect of Incubation Temperature on Short-Term Red Cell Survival

Exper-
iment
(No.)

Blood
(ml.)

ACD
(ml.)

Temp.
(C.)

P er Cent Survival

2-6 hr. 24 hr. 48 hr.

66 20 10 21 100.0 91.9 88.5

67 20 10 22 100.0 93.5 91.8

68 20 10 22 96.8 90.6 83.1

mated and is indicated in Table 4. ) There was no appreciable change in pH

during the 30-minute incubation period, and the pH values indicated in Table

4 were performed on the blood/ACD mixtures after incubation.

When the pH of the 5:1 mixture was lowered to 6.10, there was no decrease

in red cell viability ( Experiments 83 and 84). The viability of red cells exposed

in the 2: 1 mixture at that pH, however, was markedly compromised ( Experi-

ments 42 and 43). On the other hand, when the pH of the 2:1 mixture was

raised to 6.65 by the addition of NaOH (Experiment 87), the viability of the

red cells was normal.

These results were interpreted to indicate that the pH of the incubation

mixture was an important factor, but not the one affecting red cell viability. It

appeared likely, then, that the concentration of citrate radical in the mixture

was also a significant contributing factor.

In Experiment 60, however, a solution of sodium citrate was made up so

that when blood was added to it in a proportion of 5 to 1, the final concentra-

tion of citrate radical actually exceeded that of the 2:1 hlood/ACD mixtures.

The pH of this blood/sodium citrate mixtures was then adjusted to 6.72 by the

addition of 0.25 ml. of 2N HCI. In spite of the excess of citrate in this system,

there was no compromise of red cell viability when the blood was reinjected

after the usual incubation period. A similar result was obtained in Experiment

61, the conditions of which were the same as Experiment 60 except for the

deletion of dextrose from the system.

Effect of Addition of Chloride

Since the principal difference between Experiments 42 and 43 (Table 4),

which showed a decrease in cell viability, and Experiments 60 and 61 (Table

4), which showed no such decrease, was the presence of additional chloride

ion, the studies summarized in Table 5 were done. In each of four normal

subjects two viability studies were performed; in each study 20 ml. of the

subjects’ blood were mixed with 10 ml. of ACD. In one study in each subject

nothing further was added; in the other, 1 mEq of NaCl (1.17 ml., 5 per cent

solution) was added to the ACD before the addition of the blood. The mix-

tures were then incubated for 30 minutes at 37 C. with sodium chromate” and

reinjected into the subject. The previously observed compromise in red cell

viability was seen in Experiments 43, 77, 79, and 81. In Experiments 76, 78, 80,

and 82, in which the NaCl had been added to the ACD, the defect in cell

viability was completely corrected and the 24 and 48 hour values were within

normal ranges.
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IMPAIRMENT OF BED CELL VIABILITY 519

Table 3.-Effect of Excess (#38) and Deletion (#58) of Dextrose

Exp.
(No.)

Blood
(ml.)

H�O
(ml.)

Sod. Citrate
(mg.)

Citric Acid
(mg.)

Dextrose
(mg.)

Per Cent

24 hr.

Survival

48 hr.

38 20 4 100 32 128 93.8 94.3

58 20 10 250 80 0 92.5 77.3

Changes in Cell Size during Procedures

Changes in red cell size, resulting from incubation with various solutions,

have been shown to be associated with loss of viability of the cells after

storage and subsequent transfusion.4” Accordingly, studies were done on the

effects on red cell size of exposure of blood to various proportions and modifi-

cations of the “isotonic” ACD. Such changes in red cell size were then related

to the previously observed results of studies on red cell viability after similar

exposures in earlier experiments ( Table 6 ) . It should be noted that, because of

the selective permeability of the red cell membrane, changes in cell size, and

hence the relative tonicity of a suspension medium, are not necessarily directly

related to the osmolarity of the medium.

It is apparent that cell swelling and impairment of cell viability are not

correlated. In Experiment A, in which the proportion of blood to ACD was

5:1, under which conditions red cell survival was normal, there was a 12.3 per

cent swelling of the red cells. When the ACD was made more hypotonic

( Experiment B ) by the addition of water, the red cell volume increased by 36

i�er cent. This dilution of ACD, and presumably a similar degree of red cell
swelling, did not affect red cell survival in Experiment 73 (Table 4). Incuba-

tion of the 2: 1 hlood/ACD ratio ( Experiment C ), which had been shown to

cause destruction of cells ( Experiments 40-52, Table 1 ) , was accompanied by

a swelling of 25 per cent over the original volume. Addition of sodium chloride

to the 2:1 mixture, in an amount which restored the viability of the cells to

normal, reduced the cell swelling to 13.2 per cent. That such a reduction in

swelling alone will not correct the adverse effect of cell viability is shown in

Experiment E, in which ACD was concentrated. Here, swelling of the cells

was of the same order of magnitude as in other instances associated with

normal viability (Experiments A and D), but viability under these circum-

stances was shown to be compromised (Experiment 72).

DISCuSsIoN

These observations demonstrate that the post-transfusion viability of blood

incubated for even short periods with excess proportions of ACD is consis-

tently and significantly compromised. Furthermore, it should be emphasized

that the effect of such incubation is one on actual cell viability and not

merely on the binding of Cr5’ to the red cells with subsequent increase in the

rate of elution of the chromium. This is clearly shown by the double tagging

experiments in which the Fe59 and the Cr5’ disappeared from the circulation at

the same accelerated rates when the doubly tagged blood was incubated with

an excess of ACD and subsequently transfused into normal compatible recipi-
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IMPAIRMENT OF RED CELL VIABILITY 521

Table 5.-Effect of Adding Sodium Chloride to lncubation Mixture before

Admixture of Blood and Subsequent lncubation for 30 Minutes at 37 C.

(Each of Paired Studies is Performed on Same Subject.)

Exp.
(No.)

Blood
(ml.)

ACD
(ml.)

NaCI
(mEq.) pH

Per Cent Survival

2-S hr. 24 hr. 48 hr.

43

78

20

20

10

10

0

1.0

6.14

6.14

97.1

98.5

10.0

93.7

1.0

93.3

77
76

20

20

10

10

0

1.0

6.20

6.20

95.8

100.0

87.9

100.0

63.2

92.0

79

80

20

20

10

10

0

1.0

6.24

6.24
93.6

100.0
21.9
98.7

2.2

93.0

81

82

20

20

10

10

0

1.0

6.18

6.18

96.0

99.4

31.3

93.4

6.0

93.8

Table 6.-Lack of Relationship of Red Cell Swelling to Viability

Exp. Blood Diluent � Swelling Viability (Exp. : Table #)

A 1.0 ml. ACI) 0.2 ml. 12.3 Normal ( 1-15; I)

B 1.0 ml. ACI) 0.2 ml 36.6 Normal (73; IV)

H�O 0.3 ml.
C 1.0 ml. AC!) 0.5 ml. 25.0 Abnormal (40-52; I)
1) 1.0 ml. ACI) 0.5 ml. 13.2 Normal (77. 78, 80. 82; \‘)

NaCl#{176}0.06 ml.

E 1.0 ml. “Conc. ACD”� 14.8 Abnormal (72; V)

0.2 ml.

#{176}Amount of NaCl is e(Iuivalent to addition of 1 mEq. to 20 nil. of blood.

fConcentration of citric acid, so(liulfl citrate, and dextrose in the “conc. ACD” was 2%

times that in tlw usual ACI), thus provuling the same total amount of those solutes in the

mixture as in Experiment C.

ents. In addition, it may be deduced that the compromise of cell viability under

these circumstances is not related to age of the red cells, since the cells labeled

with Fe’9 represent a cohort of young cells ( i.e., less than 3 weeks old ), as

contrasted with the mixed age population of cells tagged with the Cr51. The

disappearance of the two isotopes indicates, then, that the young cells disap-

peared at the same rate as the mixed-age cell population.

The mechanism by which the exposure of the red cells to excess ACD leads

to the decrease in viability is not clear. Others have related the loss of cell

viability after 21 days of storage to increase in red cell volume.4’5 It is probable

that the mechanism of cell damage in such circumstances is the same as in our

studies in which storage was not a factor. The swelling of the red cells in any

of these circumstances, including our own experiments, is quite modest, how-

ever, as compared to the 60 per cent or more swelling that DeCesare, Bove,

and Ehaugh6 showed to be necessary before there was any significant com-

promise of cell viability. Furthermore, as can he seen in Table 6, the degree of

swelling of the red cells within the limits of our experiments was not related to

the viability of the cells after transfusion.

Attempts to incriminate a single component of ACD as the one which, in
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522 MAYER, LEY AND D’AMARO

excess, leads to cell damage in these circumstances were not successful. The

presence or absence of dextrose did not seem consequential under these condi-

tions with only short periods of incubation. It appeared from the experiments

in which the pH’s and the citrate concentrations of the incubation mixtures

were varied independently that the compromise in cell viability depended on

both a low pH and a high concentration of citrate ion. The correction of the

loss of cell viability by increasing this concentration of NaCl from approxi-

mately 120 mEq./L. to about 162 mEq./L. was surprising but repeatedly

demonstrable. At the present time we have no explanation for this finding.

The observations reported here have certain significant practical implica-

tions. It is obvious that relatively minor modifications of the standardized pro-

cedure for tagging red cells with Cr” may lead to substantial misinterpreta-

tions of the results of red cell survival studies. This serves to emphasize the

necessity for rigidity in following a standardized tagging procedure, at least in

red cell viability and survival studies. Others have reported clinical studies7 in

which they have used blood/ACD proportions of 2:1 and have not been

troubled by unusual losses of circulating radioactivity in the first 24-48 hours.

It is undoubtedly significant that in these instances the blood/ACD mixtures

was held at room temperatures rather than being incubated at 37 C. For rea-

sons that are not clear to us, the deleterious effect of the excess ACD is much

more striking in the latter circumstance. Nevertheless, it should be noted that

in two of the three experiments in which the incubation was at room tempera-

ture, the 48-hour value for residual radioactivity was more than 2 standard

deviations below the normal mean of the studies done with the 5:1 mixture.

Furthermore, in relation to current interest in platelet transfusion, recent

studies have shown substantial improvement in viability of platelets from

blood collected in “excess ACD” or in ACD made more acid than usual by

increasing the proportion of citric acid.8’9 The observations reported here sug-

gest, however, that such modifications in ACD may significantly compromise

erythrocyte survival. Although the lower temperature at which blood for trans-

fusion is stored may be sufficient to reduce the adverse effects of ACD to a

minimum, nothing is known of the effect of prolonged storage for 21 days,

even at 4 C. Hence, it would seem appropriate to measure the effect on red

cell viability of any modification of the standard blood collection and preserva-

tion solution.

SUMMARY

Collection of blood in “excess” ACD leads to a loss of red cell viability when

the blood is transfused back into the donor, even without any appreciable

storage period. The mechanism of this loss of viability is not clear. The loss is

accentuated by incubation at 37 C.; it is not affected by varying the dextrose

concentration of the ACD; it cannot entirely be attributed to change in pH of

the final suspension medium; and it is not related to the degree of swelling of

the red cells. The loss of viability can completely be corrected by the addition

of small amounts of chloride to the ACD.
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IMPAIRMENT OF RED CELL VIABILITY 523

This effect is presumably the same as the “lesion of collection” described by

Gibson et al. in relation to viability studies after 28 days of storage.4

SUMMAIUO IN INTERLINCUA

Le collection de sanguine in “excessive” amontas de acido-citrato-dextrosa

resulta in un perdita del viabilitate erythrocytic quando le sanguine es

retransfusionate ad in le donator mesmo in le absentia de un considerabile

periodo de thesaurisage. Le mechanismo de iste perdita de viabilitate non es

clar. Le perdita es accentuate per incubation a 37 C. Illo non es afficite per

un variation del concentration de dextrosa in le solution de acido-citrato-

dextrosa. Su occurrentia non pote esser attribuite integremente a alterationes

in le pH del ultime medio de suspension, e illo non es relationate con le grado

de tumescentia del erythrocytos. Le perdita de viabilitate pote esser corrigite

complemente per Ic addition de micre quantitates de chloruro al acido-

citrato-dextrosa.

Iste effecto es presumitemente identic con le “lesion de collection” describite

per Gibson et al. relative a studios de viabilitate post 28 dies de thesaurisage.
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