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Status Report on Red Blood Cell Freezing:
Biochemical Modification and Freeze-Preservation in the

Original Polyvinyl Chloride Plastic Collection Bag
Capt . C. Robert Valeri , MC, USNR; David A. Va leri ; John Anastasi ;

CDR. Charles (i. Zaroulis, MC , USNR; LCDR. John J. Vecchione , MC, USNR*

Recently the Naval Blood Research Laboratory has been freezing red blood cells in a collection system
w hich uses either a triple or a quadruple bag setup. Blood collection and red blood cell biochemical modifi-
cat ion and freeze-preservation can be accomplished with this system.

Freeze-preservation of red blood cells has been ~oing on at the Naval Blood Research Laboratory for the
past 15 years. For the past 6 years , we have been ~biochemical1y modifying liquid-stored red blood cells to
increase their 2,3 DPG and AlP levels and thus improve the oxygen transport function of the preserved red
blood cells upon infusion. Biochemically modified red blood cells, or ~‘rejuvenated” red blood cells as they
are somet imes referred to , can be freeze-preserved or not as the situation demands.

Red blood cells that have exceeded their mandatory shelf-life have been biochemically modified with a
solution of pyruvate , inosine , glucose , phosphate, and adenine. The stored red blood cells are incubated with
the ~rejuvcnation ” solution for 1 hour at 370 C. Biochemically modified red blood cells must be washed
befo re transfusion whether or not they have been frozen to remove the additives used in the solution.

W hen the so-called rejuvenated red blood cells are to be freeze-prese rved, the appropriate concentration
of glycerol is added after the incubation process , the red cells are concentrated by centrifugation to a hema-
tocrit of 80 v%, and all the visible supernatant is removed. The glycerolized red cell concentrate is frozen
by storage in a mechanical refrigerator at _800 C. The frozen red cell concentrate is thawed by placing it in
an agitating water bath at 42° C for 10 minutes. Red cell washing is done in any of the following systems:
manual serial centr ifugation, automated serial centrifugation in the IBM Blood Processor , cont inuous-flow
centrifugation in the non-programmed Haemonetics Blood Processor 15 , or cont inuous-flow centnfugation
in the Fenwal Elutramatic. The wash solution consists of: 50 ml of 12c/ sodium chloride and 1.5 liters of
0.9% sodium chloride containing glucose and phosphate. Red cell recovery after thawing is about 97% and
after washing about 90%. Supernatant hemoglobin after washing is less than 100 mg.

With the new blood collection syst~rn reported here , the cost of processing can be reduced at least 50%
and the storage capacity in the —8O~ C mechanical re frigerator can be doubled, Moreover, the potential for
contamination of the blood product is reduced. Biochemically modified freeze-preserved red blood cells
have been used successfully in a number of important clinical situations.

M ost of the blood collected in Freeze-prese rvation procedures were red blood cells are washed , the white
blood banks throughout the developed primarily to provide a sup- blood cell and platelet counts are usu-
country is stored at 4° C as plemental supply of rare red blood ally reduced to less than 5%; washing

liquid red blood cells for as long as cells and red blood cells lacking anti- liquid-stored red blood cells reduces the
three weeks in an anticoagulant such gens that produce isosensitization. white cell and platelet counts to about
as acid-citrate-dextrose (ACD) or cit- Freeze-preservation has also been used 1 5% (Valeri , 1976). The presence of
rate-phosphate-dextrose (CPD). Liquid to stockpile the red blood cells of cer- white blood cells and platelets in trans-
preservation is necessary in the blood tam patients in anticipation of future fused blood may sensitize the recipient
banking system because donors usually autologous transfusions , to future platelet and granulocyte
are not available to supply fresh blood transfusions , and to tissue antigens in
during emergency situations. Moreover , Freeze-preserved red blood cells are the kidney, bone m arrow , and heart.
physicians often choose to use red always washed before transfusion to
blood cells instead of whole blood be. remove the cryoprotective agent , gly- Although cryopreservation has been
cause patients do not always need all cerol. Washing also removes significant accepted as a means of stock piling rare
the components in whole blood, i.e., amounts of isoagglutinins, plasma pro- and selected red blood cells and blood
white blood cells, platelets , citrate , teins and non-protein substances , white products for autologous transfusion, it
plasma and non-plasma substances. cells and platelets , some of the hepati. is still considered to be too costly for
In certain instances, some ot’ these tis B surface antigen, and the citrate widespread use. There is also some con-
components may even be harmful used in the anticoagulant medium cern about a potential risk of contami.
to the patient. ~Valeri , 1976). When freeze~preserved nation during red cell washing. Some
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proponents of cryopreservation are tory function of red blood cells asso - ta m ed at 40 C for as long as seven days
worried about t he 24-hour post-wash elated with liquid storage , a def~’ct in CM) or in CM) with adenine, but
storage limitation which they consider which usually is repaired within 24 only for about 48 hours in ACD.
to he unreasonable and unnecessary be- hours after the trans fusion. It was later
cause tlie~ have lound t hat previously established that this defect occurred as
frozen red blood cells can be stored a result of a reduction in the level of 2 ,3 Red blood cells should be frozen
tor as long as three days after washing diphosphoglycerate (2. 3 DPG) during when their 2,3 DPC levels are highest ;
with satisfacto ry results ~Valeri. 1976). storage of red blood cells in a liquid for ACD-stored red blood cells this is

anticoagulant at 40 C (Benesc h and within 24 hours of collection, and for
Restrictions are necessary ,of course. Benesc h. 1967 , Chanutin and Curnish, CPD-stored red blood cells within live

There are restrictions regarding the 24- 1967). About 50’~ of red cell 2,3 DI~ days (Figure 1). Red blood cell 2 .3
hour post-transfusion survival value of is lost within 48 hours ~f 40 C storage l)PG and adenosine triphosphate (ATP)
preserved red blood cells, which must in the ACD anticoagulant (Figure 1). levels are not significantly different
b~ at least 70’ at the time of transfu- CPD provides better maintenance . Red from pre-freeze levels alter freeie.pre-
SiOfl , but unfortunately none for the cell 2 .3 DPG actually increases slightly servation with 40~ W/V glycerol and
oxygen transport funct ion, an equally during the first 48 hours of storage in storage at _800 C l~r as long as 10
important function. CPD, although the level does fall to years ~Val eri . 1976).

about 80% of normal within 12 days
Valtis and Kennedy (l954)were the of storage (Figure 1). Red blood cell

first to describe the defect in respira. viability arid function are well main-
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Figure 1. Red blood cell 2,3 DPG. All’, and inorganic phosphorus levels in red blood cells. Units were stored in ACD or CPD for as long as
Il days as who le blood with a hemato ctit value of 45 V% or as concentrated red blood cells with hematoc rit va lues of from 70 V% to greater
than 90 V%. Units of whole blood and units of red blood cell concentrate s with hematocr it values of 70 to 80 V% were not mixed dur ing
storage. Each Unit of red blood cell concentrate w ith a hematocri t value of greater than 90 V% was separated Into two equal parts: one part
was mixed dur ing storage at 4° C and the other was not. ((From Valerl , 1976.)



OXYGEN TRANSPORT FUNCTION though no impairment in myocardial Throughout this period, oxygen con-
OR PRESERVED RED BLOOD or cerebral blood flow was seen in these surnption is maintained in a basal con-
CELLS young men , patients with arteriosc le- diton and blood flow is not increased .

rot ic cardiovascular diseases who have The greater the reduction in ted cells.
Red blood cells suffer an impair’ compromised flow to the heart and the more efficient the remaining ones

ment in oxygen transpo rt function brain or who have an inability to lo. become in their transport of oxygen
during liquid storage as the 2 ,3 DPG cally regulate the distribution of this from the lung to tissue. The circulating
level falls, but the function is restored flow may be adversely affected by the red cells in the body react by increas-
in vivo (Valtis and Kennedy, 1954; transfusion of red blood cells with low ing the 2,3 DPG levels, Slightly elevated
Valen and Hirsch, 1969; Beutler and 2,3 DPG and increased affinity for blood and red blood cell pH, a reduc-
Wood , 1969). Red cell affinity for oxygen (Valeri, 1976; Valeri et al , to tion in arterial pCO2, a reduction in
oxygen is measured by the P50 value , be published), the saturation of the venous blood,
w hich is the partial pressure of oxygen and the presence of inorganic phos-
in millimeters of mercury at which 50% phorus, all are involved in increasing
of the hemoglobin is saturated . When INCREASES IN RED BLOOD CELL the red blood cell 2,3 DPG level in vivo
red blood cells have 2 ,3 DPG levels of 2.3 DPG IN VIVO DURING ANEMIC from 0.8 moles DPG/mole hemoglobin
about 109 at the time of transfusion . HYPOXIA (REDUCTION IN NUM - to 1.5 to 2.0 moles DPG/rnole hemo-
the levels increase to about 30% within BER OF CIRCULATING RED globin.
4 to 8 hours after transfusion, and to BLOOD CELLS) AND HYP OXIC
about 50% within 24 hours, although HYPOXIA (IMPAIRMENT IN BIOCHEMICAL MODIFICATION
resynthesis is slower in acidotic and ARTERIAL OXYGENATION OF IN VITRO OF HUMAN RED
hypercarbic patients in negative phos. THE BLOOD) BLOOD CELLS PRIOR TO
phorus balance. Restoration of the FREEZING
2,3 DPG level to 25 to 30% is accom- In patients with anemic hypoxia or
panied by a reduction in red blood hypoxic hypoxia , the circulating red Solutions containing pyruvate , m o -
cell affinity for oxygen. blood cells develop improved capabi- sine , glucose , phosphate , and adenine

lities for delivering oxygen to tissue at can be used to biochemically modify
Oxygen transport function is espe- high tissue oxygen tension. When the red blood cells in vitro to increase 2 ,3

da ily critical during the 4 to 8 hours reduction in red cell volume-hemoglo- DPG and ATP levels (Table I). Bio-
after transfusion. An increase in red bin mass is gradual, patients usually do chemical modification increases the 2 ,3
blood cell affinity may necessitate an not exhibit cardiorespiratory symp- DPG and ATP levels, but it also im-
increase in cardiac output , a ~decrease toms until the red cell mass is reduced proves the red blood cell 24-hour post-
in mixed venous oxygen tension, or a to at least one.third the normal value, transfusion survival (Valeri, 1974).
combination of these two to provide a
stable whole body oxygen consump-
(ion, This control of cardiac output is
thought to be related to tissue oxygen 

Table I. Solutions Used to Biochemically Modify Red Blood Cells aftertension (Hechtman, 1976). Further ,
Storage in ACD or CPD at 4° C for as Long as 4 Weeksseveral organs such as the heart itself, 

__________ _______________ _______________ ______________—

the brain, and the retina are especially 
PIGPA — PIGPA — PIGPA — PIGPA —sensittve to tissue oxygen tension, SOLUTION A SOLUTION B SOLUTION C SOLUTION Dwhich is the primary mechanism re- - , -(mmoles/hter) (mmoles/Iiter) (mmoles/Iiter) (mmoles/ liter)gulating the volume of flow through 

_________ _____________ _____________ —-___________ _____________

these tissues. Thus, the heart must Pyruvate 50 100 100 125have the capacity of autoregulation of
flow if it is to satisfy its oxygen re- Inosine 50 100 100 125
quirements. Failure of the pUmp to Glucose 100 100 100 100obtain sufficient oxygen may limit car-
diac output and put the entire body Na2 HPO4 50 200 100 75
in jeopardy. Adenine 5 5 5 5

Studies of resuscitation procedures NaCI 9 (gm/I) 9 (gm/I) — 5 (gm/I)
in seriously wounded but otherwise

mOsm/kg 650 650 550 670healthy males with apparently normal
cardiovascular systems showed suffI- pH 7.2 7.2 7,2 7.2
cient oxygen delivery to tissue after
two to three blood volume exchanges Note: A SO ml aliquot of the rejuvenation solution was added to a unit of
of low 2 .3 DPG red blood cells (Collins, whole blood or a unit of concentrated red blood cells and incubated
1974 , 1976; Chance et al., 1969). Al- at 37° C for one hour prior to glycerolization and freezing.

I. _______________________________________



h u m an 0-positive and 0-negative than 100 mg%, and t h e  supernatant 4 to 8 units of washed concentrated red
red blood cell concentrates with hema- hemoglobin level was about 200 mg% blood cells were adm inistered through
tocrits of 70 to ~0 V9 were stored at after post-wash storage ~ 4° C for 24 the Swank ultrapore filters throughout
40 C in CPI) for 22 to 2S days. bio- hours (Figures 2 and 3). The red cell a 4-hour period, and no untoward cli-
chem ically modified with a solution ATP level on the day of washing was nical problems were observed. In all 14
containing pyruvate , inosine , glucose, 125% of normal, the red ce ll 2 ,3 DPG patients in the study, the mean 24-hour
phosphate . and adenine (PIGPA Solu- level 8O~ of normal , and the red cell post-transfusion survival value,as meas-
ti on A) (Table I), frozen with 409 W/V affinity for oxygen was normal (Fig’ ured by an automate d differential
glycerol. and stored at _800 C for 3 to ure 4). After storage in sodium chlo- agglutination procedure (ADA), was
4 years. After thawing, the red blood ride-glucose-phosphate solution for 24 approximately 75%, and th~ lifespan
cells were washed with 2.2 to 3.2 liters hours, the red cell 2 .3 Dl’G decreased was about 90 days (Figures 5 and 6).
of sodium chloride solutions bct ’ore to about 6(Y ’ of normal, red cell ATP The recipient ’s plasma hemoglobin
storage in a sodium chloride-glucose- was normal , and tlic red cell affinity level was about 40 mg% (Figure 7).
phosphate solution at 4° C for 24 for oxygen was within normal limits. Clinical transfusion demonstrated that
hours. Freeze-thaw recovery was ~~~ At t he time 01’ trans fusion the red cells the red blood cells were therapeutically
freeze-thaw-was h recovery was greater were concentrated by centrifugation effective and safe.
than 9tY~ ; the supernatant hemoglobin and all of the supernatant solution re-
level on the day of washing was less moved. All units were sterile. Pools of ’
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Figure 2. Red blood cells wer e stored in CPI) at 40 C for 22 to 28 days. rejuvenated w ith PICPA Solution A (Table I), (To/en and stored at
-80° C with 40% W/V glycerol in an ionic medium for 3-1/2 to 4 years. thawed , and washed in the Usemonetics Blood Processor 15 or in the
Fenwal Elutramatic with 2.2 to 3.2 liters of sodium chloride solutions, stored ti 4° C for 24 hours in sodium chloride-glucose-phosphate solu-
tion. concentrated by centrifugation to remove the sup ernatant solution, and transfused. The red blood cells were administered through the
Swank ultrapore filter, The in vi: m recovery of red cells after the freeze-thaw-wash process, the 24-hour post-tr ansfu sion survival measured b
die automated differential agglutination (A DA) procedure , and the index of ther i peutic effectiveness are reported.
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FIgure 3. Red blood cells were processed as reported In FIgure 2. The supernatant hemoglobin level, extracellular potassium Ion level, super-
natan t osinolality. and pH are reported on the day of washing and after post-wash storage at 4° C for 24 hours In sodium chlorlde’glucose-
phosphate solution,
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Figure 4. Red blood cells were processed as reported in Figure 2. The red cell 2,3 DPG, ATP, and potassium ion levds, and in vitro P50 value
(partial pressure of oxy gen am which 50% of the hemoglobin is saturated) are reported on the day of washing and after post-wash storage at
4°C for 24 hours in sodium chlo ride-glucose -phosphate solution.
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Figure 5. The post-transfusion survival of three units of previously Figure 6. The post-transfusion survival of five units of previously
frozen washed red blood cells transfused to N. M., a 74-year-old frozen washed red blood cells transfused to I. P., an 86-year-old fe-
female with bowel obstruction and anemia, The red blood cell sur- male with chronic arthritis with anemia. The red blood cell survival
v ivai was measured by the automated differential agglutination was measured by the automated differential agglutination procedure
procedure (ADA). The anticoagulant , the length of storage at 4°C (ADA), The anticoagulant, the length of storage at 4° C prior to
prior to freezing, the composition of the so lut ion to biochemically to freezing, time composition of the solut ion to biochemica lly
modify the red blood cells prior to freezing, the concentrat ion of modify the red blood cells prior to freezing, the concentration of
glycerol , the length of storage at _800 C, the method of washing, glycerol , the length of storage at -80° C, the method of washing,
and the length of post -thaw storage at 4° C are reporte d. and the length of post-th aw storage at 40 C are reporte&
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FIgure 7. Red blood cells were processed as described In Figure 2. The recipient red cell mass before and after transfusion, and the hemato-
cvii and plasma hemoglobin levels before and after transfusion are reported.
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BIOCHEMICAL MODIFICATIO N OF ing was about 150 mug”~. and t he super- level was about 50 mimg ’ (Figure 13).
OUTDATED RED BLOOD CELLS natant hemoglobin level was about 300 Clinical transfusions denmonstrat ed
TO PREPARE RED BLOOD CELLS rng” after post-wash storage at 4° C that the red blood cells were therapeu.
WITH 1—1/2 TIMES NORMAL 2.3 for 24 hours (Figures 8 and 9). Red cell tically effective and safe.
DPG AND REDUCED AFF INITY ATP and 2,3 DPt~ leve ls were I 50’~ of Post-thaw washing usually reduces
FOR OXYGEN PRIOR TO normal on the da~ of washing and after the 2,3 DPG less than l0i’~ of t he pie-
FREEZING Storage in sodium chloride-glucose- freeze value. The 2 ,3 DPG level falls

phosphate solution at 40 C for 24 about ltY~ for each day of red cell
hours (Figure 10). The red cell afilnity storage in sodium chloride-glucose-

Iluinaim 0-positive and 0-negative for o’iygen was significantly decreased phosphate solution. Duiing three days
red blood cell concen t rates wi th  hema- omm the day of washing and after storage of post-t haw storage , there is a 307 re-
tocrit values of ‘O to QO V~ we re at 40 (‘ for 24 hours (Figure 10). At duction in 2.3 DPG and a minimal re-
stored mu (‘Pt) for 22 to 28 dj~ s, hits- t ime time of transfusion the red cells duction in red cell AlP, and t he P50
ciiemicall~ m odified with a solution were concentrated by centrifugation value is reduced about I miii h g for
cotm taitmlimg pv ruvate . ifloSifle, glucose . and all the supernatant solution re- each 24 hours , wit h a 3 mm h g de-
phospahtc. and adenine (PIGPA Solu- moved. All units were st~nle. Pools of crease during the three-day period. Red
tiomi II) (Table I ). frozen wit h 40 ;- W V  4 to 8 units ofwas lmed concentrated red cell viability and function are main-

~~ cerol and stored at —80° C for up blood cells were ad m inistered through lam ed during the three-day post-thaw
to I ear. .-~t ler thawing. tIme red blood S\%atm k ultm apore mIlters throughout a storage period at 40 C in sodium chlo-
cells were washed with 2 2 to 3 .2 liters 4-hour period - and no untoward cli- ride-glucose-phosphate solution. On time
,s f sothumu chloride solutions before imtoal piohie ns were observed. In all day of transfusion. red ce lls are con-
sto rage iii sodium chloride-g lucose - 10 patients in t he slud~ - time 24—hour cent rated by centrifugation and all the
pimosp hate solution at 40 

~ tom 24 poS t -t ma nst us iom m su iv isal - as measuied superimatan t solution is removed . Time
Imoum~. I ree ,e-t lmaw recover s was 07’ - b~ time Al)~ procedure . was approx i- red cell concentrates have imenmatocrits
the t reeie-thaw -wa sl m re~t’vel\ ~ as imiaie lv 7* and the hl’espan was of 90 V’~ at time time of infusiomm
greater than 90~~; t ime st iper mmat am mt about 90 da~ (Figures II and I 2). t lmroughm ultrapore f ilters, and exce llent
lmemoglohin level on time il.i~ of wasim - l’he mcctpI e Ill ‘s plasma Imem m mog lohin flow rates are achieved.

Red Cells
Pre - Storage ati -4C : 24 t 2 days
Frozen •‘ •~ — 80 C: 208 ± 200 days

ADA index of __
24 Hr. Therapeutic

Recovery Survival Ef fectivenes • r(OflsfAsdd.24 hi’s. of ter woshin~v
001 r4—i~I- S.D

% I a’

60~ ~~~ _ _ _ _ _ _ _I- ~~~ 
PiGPA

~-5L I~-~1 P~ui~f’(~~~~~s/L )
i —

90 ‘0 /0 ~~~~~~~~~ -

Adaa*. - 5
5,/L
Pr

Figure 8. Red blood cells were stored in CI’t) at 4° C for 22 to 28 days. rejuvenated with PI(WA Solution B (Table I). frozen and stored at
—40° C with 409. W V  glycerol in an ionic medium for up to I year. thawed , and washed in the llarmonetics Blood Processor 15 or In 11w
Fenwal Flutramat ic wi th 2.2 to 3.2 liters of sodium chloride solut ions, stored at 4° C for 24 hours in sodium chloride.glucose-phosphate solu-
tio n. concentrated by centrifuption to remove the supenmatant solut ion, and transfu sed . The red blood cells were admini stered through the
S’s ank ultrapore filter. rime in i-trio recovery of red cells afte r the fr eeze-th aw-wa sh process, the 24-hour post-transfu sion survival measured by
the automated differential a~~ut inat ion (ADA) procedure, and th e index of the rapeutic effectiveness are repor ted.
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Red Cells PIGPA (Sotution 8,650 )

Pyi ’uvcP~ fmmotrs/L 1 /00
Pre - Storage at + 4 C 24 ±. 2 days 100
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Figure 9. Red blood cells were processed as reported in Figure 8. The supernatant hemoglobin level, extracellular potassium ion level, super-
natant osmolality, and p11 are reported on the day of washing and after post-wash storage at 4° C for 24 hours in sodium c tloride-glucose-
phosphate solution,
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Figure tO. Red blood cells were processed as reported In FIgure 8. The red cell 2,3 DPG, ATP, and potassium Ion levels, and in vitro P50 value
(p&tiaI psesaure of oxygen at which 50% of the hemoglobin is asturated) are reported on the day of washing and after post-wa sh storage at
4°C for 24 hours in sodium chlorlde-glucose-pboaphate solution. 
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Figure II. The post-transfusion survival of six units of previously Figure 12. The post-transfusion survival of four units of prev iously
frozen w ashed red blood cells transfused to ~~ . K., an 83-year-old fe- fro zen washed red blood cells transfused to 1. D., a 70-year-old fe-
male with pancytopeniL The red blood cell survival was measured male with myocardial insufficiency and anemia. The red blood cell
by the automated differential agglutination procedure (ADA). The survival was measured by the automated differential agglutination
anticoagulant. the length of storage at 40 C prior to freezing, the procedure (ADA). The anticoagulant, the length of storage at 40 C
composition of die solution to biochemically modify the red blood prior to freezing, the composition of the solution to biochemically
cells prior to freezing, the concentr ation of glycerol, the length of modify time red blood cells prior to freezing, the concentration of
storage at -80° C. the method of washing, and the length of post- glycerol and the length of storage at -80° C. the method of wash-
thaw storage at 4°C arc reported . ing, and the length of post -thaw storage at 4°C are reported.
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and plagna hemoglobin levels before and after transfu sion are reported.
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RESPIRATORY FUNCTION OF Baseline preoperative volume load- red cell 2,3 DPG levels , the fact that
PRESERVE D RED BLOOD CELLS ing with crystalloids was performed, citrate was infused with CPD-stored
WITH NORMAL OR DECREASED and myocardial performance curves red blood cells but not with previously
AFFINITY FOR OXYGEN of the heart were obtained. The pa- frozen washed red blood cells, and

t ients were studied immediately after possibly the presence of other obscure
coming off cardiopulmonary bypass, vasoactive agents.

During extracorporeal bypass for at which time red blood cells were used
coronary artery bypass surgery , one to volume-load the left ventrical. In both groups, the donor red blood
group of patients received either fresh Twenty-four hours after bypass, albu- cells accounted for approximately 40%
blood or concentrated red blood cells m m  was used as the volume load. The of the total red blood cells after trans-
t hat had been stored in CPD at 40 C response of the heart to volume load- fusion. The mean 2,3 DPG level in the
for 3 to 5 days and had 70% of normal ing with crystalloid before surgery high 2,3 DPG group was about 12.5
2 .3 DPG levels and normal affinity for was similar in the two groups (Fig- l1molcs/g Fib, and in the control group
oxygen (control group). Another group ure 14). Cardiac output immediately it was 10.0 pmoles/g Hb. The red blood
received previously frozen red blood after bypass was significantly im- cell affinity for oxygen in vivo was
cells with 1— 1/ 2 times normal 2 ,3 DPG proved in the panel ts who received 3 mm Hg higher in the high 2,3 DPG
levels and decreased affinity for oxy- high 2 ,3 DPG red blood cells. At a group. Cardiac output after bypass was
gen. The high glyc ~o! method of filling pressure of 10 mm Hg, cardiac 35% higher in the high 2,3 DPG group
freeze-prese rvation was used (40% output was 2.0 Iiters/min-m2 in the at the same filling pressure of the heart .
W/V glycerol at —80° C). During the control group, and 3.0 liters/min.m2 Synthesis of red blood cell 2,3 DPG
immediate post-operative period, myo- in the high 2,3 DPCJ group. The dif- occurred in both groups during the 24-
cardial function was significantly bet- ference in volume loading response of hour post-operative period. Oxygen
ter in the high 2 .3 DPG group than in the heart between the two groups delivery to the heart was better in the
the control group (Dennis et al., 1975). might be attributed to differences in high 2,3 DPG group.
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Figure 14. Volume loading of the left vent rical was done to increase pulmonary arterial wedge pressure (PAWP) and measure cardiac output
response in patients before and immediately after cardiopulmonary bypass, and 24 hours after the surgical procedure. Patients received red
blood cells with 70% of normal 2,3 DPG levels and normal affinity for oxygen, or I-i/i times normal 2,3 DPG levels and decreased affinity for
oxygen. Volume loading curves before bypass with crystalloid, just off bypass with blood, and 24 hours after bypass with colloid were ana-
lyzed in a similar manner. Just off bypass, the cardiac indices in the lower three ranges of filling pressure were significantly higher in patients
who had received red blood cells w ith 1-1/2 times normal 2,3 DPG. (From Valeri, 1976.) 
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5.~heti the red cell 2 .3 DPG lev,- t ss a s SIMPLIFICATION OF METHODS Laboiato ry. we have si iit1)hfied t h e
increased IS to . 1J ,t here was a 3 mm OF BIOCHEMICAL M~~DIFICATION itiet liod ot hiocitenucal iiiodili at iot i
chatige in the red cell P60 value; car- AND FREEZE-PRESERVATION OF and t’ree t e - p les ersa t i l l n  ut ted bli od
diac output v.as about 35~ greate r at•  HUMAN RED BLOOD CELLS cells. ~~iih this ne’.. s~ stein , red blood
ter transfusion III red blood cells ssit li WITH 40% W/V GLYCEROL AND cells can be “reiuveiiated ’ and I tee/c -

l— I  .2 times normal 2 ,3 DPG than af ter  STORAGE AT —80° C IN THE POLY- pre served h~ the hig h ~b ol (40 ;
transfusion L I I  red blood cells wit h 70’~ VINYL CHLORIDE PLASTIC W ’V I iiiet iiod III t h e sau te p11k ‘~ui~
‘ . t  nortiial 2) DPC. COLLECTION BAG cllit)flde plastic hag s’ ste in (I ’L- 1 30)

in w Inch 111ev are col lected (I icl i te s
Does improved ~~~ geti delivers -~ t the Naval Blood Research 15 and 16).

mean an~ thing in Ic runs of morbid it~
au .! unortalit~ .‘ In the control group.
tl ’ .e patients required inotropie aget its , -

and two pat ients required in(raaort Ic 4

balloon assistalice. In the high 2) -
• DPG ~roup . there was no niorhidit~ . 

~ ‘I~~~ ‘ “‘ ‘

and use of inotrop ic agen ts and lilt ra- ,I, •,,,’u

at ’ rt ic balloon assistance was negligible. 
.— -

In another study f rom the Naval
Blood Research Laboratory , w hen
intermittent perfusion of’ the coroiiar\
circu lation ss as per formed during Figure IS. Biochemical modification of red blood cell concentrate ssi th PICPA Solution A. B,
hypothermia , red blood cells wit h in- C. or I), addition of (‘.2 M glyceroL removal of the rejuvenation solution and glycerol solution,
crease d 2) DPG levels helped to and froze-n storage at ,~80o C in the original polyvinyl chloride plastic collection hag. Add the

- SO ml volume of PIGPA Solution A. B, C. or D (Table I) throug h one of t h e  ports of t helessen the increase in red blood ccii - - . - -
-~~ - - - satellite pack inte-~~a1ly attached to the pnmary collection bag using an •-% l- -8 connec ror. then

at t inity associated wit h ti l ls treatment transfe r the solution into the primary Isolyvinyl chloride plastic hag containing t h e  red cell con-
(Vecchione et al .. unpublished data ) . centrate with a heniatocrit of 70 to 90 V ; ;  incubate’ the red cell concentrate and the’ rejuvena-

- - - tion solution for I hour at 37° C. Add 50 ml of 6.2 M glycerol solution (maintained at 22° C)As o gen deli’.er~ itiuproved . ox~ gen through the second port of the satellite pack using an AF-7 connector and transfer this solution
t ensioti of tile nuyocardtuin increased . into the primary collection bag containing the red ce-Il concentrale with agitation using the
and the ischemic damage that ocetirs modified Fherbach shaker at 180 lateral rotations per minute: equilibrate the red cell-glycerol

- - S mi\ture at room temperature for five minutes; then add another SO ml of glycerol solution ‘s itt ,with li~ pothermia and during tile 
agitation. equilibrate at mom temperature for two minutes; then add 250 to 300 ml of glycerol

surgical procedure was reduced, solution with agitation to achieve a final glycerol concentration of 40’ W V . The red blood cells
are concentrated by centrifugation at 3.000 rpm (2 .350 ~g) for seven minutes, and the superna-
tant solution is renio~ed into the integrally attached satellite bag: the red cell concentrate v.ithQuestions have been raised regarding a hamatocrit of 80 V’~ is frozen 1w storage in a —80° C mechanical refrigerator.

the risk of contamination during hio- -

chemica l niodification Il t red blood
cells . but sterility has been niaintained
ii rough out h iochenucal unodi flea tion

• tree/ c -preservation. washing, and post-
was h storac e (Ellis et al.. unpublished ~ • 3~)-’ ‘ S 7 ’ 1 - : 1  .~ - ,- • ,, ‘ ,~~ • - • • ., ,\ -~~~~-

data ) . Biochem ically modified red • ~ 
..• ‘ i —  - - .~~ ~~~ .~~ ..~~ •

blood cells need not necessarily he .. 
‘
-•~~.:~

‘

~~ 

- -

fro,en . hut thes must he was hed before — - —•: 
~
.

- ‘ 
- “,“:‘ ‘ ‘  ‘ ~L’  —. &‘i~ ’ — ‘~ ‘ ‘I’ ,’ ’  3 ’ , f ’ ~~e “ ‘ ‘~~

transfusion. Was hing reduces the levels ~~~~~~~~~ •-~~. -
.
‘ 

, , • , ~~, ~~~~, a - ~~’ .

of iflosine and aden inc which may 
— —

produce hvperuricemia and 2 .8 di- ‘ 
. :~

‘ ““ .2,~ ’~’,
’ ’

OX~ adenine in the recipient when in- 
—~

fuse d in lj r~e quant it ies ‘. 
,, 

F

The present 24-hour post-wash - 

- 

~“ “ ~~‘ “ “ 

-‘
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‘
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storage restriction at 4
0 C is too re-

strictive , Red ce ll viability atid function
and the sterility of the blood product
are maintained in sodium chloride-
glucose-phosphate sohutioti for three
days after t hawing and washing. Ott Figure 16. The thaw ed red cells are diluted with SO ml of 12% Nafl at 180 lateral rotations per

- 
‘ 

. - minute using the’ modified Fberhach shaker. The diluted red cells are equilibrated at room ten t -
t he ela~ ot transfusion , red blood cells perature for two minuteS, diluted first wIth 100 ml of 0.9’ Nsa-glucose-phosphate solution
are co ncet itrated by centr ifugat ion . with agitation and equilibrated for two minutes . and then diluted with ISO ml of 0.9’ ; NaCt-
and t he supernatant solution containing glucose-phosphate solution with agitation and equilibrated for two minutes. The diluted red

- - cell mixture is wathed with 0.9’ NaCI-glucose-phosphate solution by manual serial centrifuga-
hemoglobin, potassium ion , glycerol , lion , by automated serial centrifugation in the IBM Blood Ptocessor , or by continuous’tloss
and rejuv enation solution .are removed. cent ri fug at ion in the IIaenU)neti cs Blood Processo r IS or the Fenwal Flutramamic.
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When ~ycerohizatioti is complete. ~ ycerol, is removed (Figures 22 and 

I

the red ccli mixture is co ncentrated in 23). The polyvinyl chloride plastic
an RC -3 refr igerated centrifu ge maine collection bag, containing a unit o1’
ta m ed at 220 ±2° C by spinning at red cell cot icet itrate with 4(Y’ W/V
3000 rpm (2 ,350 x g) for seven glycerol, is placed in at) alumimiuni con-
minutes with m inimal hemolysis (Fig- tam er , and this is Placed in a refrigerator 

j I~~ 
~

ure 21). The supertlatan t solution , maintained at .800 (‘ for froien
about 350 m l  volume, w hich contains storage . Two units m a y  he l’rozen in
the plasma, rejuvenation solution, and the aluminum ctmtainer at a time if

they are the same ABO and Rh t’.pe
(Figure 24), A paper storage contailier

c 
~~~~~~~~~~~ may he used if desired. No more thaiu 

_____________

- ~ four hours shouki pass between the
-, time (lie liquid red cells are’ removed

- from the 4° C rei ’ri gerator and t he - 4I - time the glycerohzed red blood cells
• -

, are placed iii the -80° C m echanical Figure 23. The supernatant solut ion is re-
• freezer. moved From the red blood cell concentrate

containing 40% W/V glycerol. The integrally
• ~ • 

attached satellite bag is used to add the
I,

i s . red blood cells and for the addition of gly-
cerol through the other port . After cent rifu-

— into the integrally attach ed satellite bag, and
the red bloohl cell concentrate w ith a hems-1 ) 1

- gation, the supernatant solution is t ransferred

Figure 19. The three-step addition of the 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

solution (or biochemical modification of the

~ tt)Crit of 80 V% and contain ing 40% W/VI

glycerol is frozen.•
~~~ - . •

~~
I 

-

6.2 M glycerol to the red blood cells. The
AF-7 plastic tubing connevts the 6.2 M gly-
cerol bottle to one port of the integrally Figure 21. The red blood cell -glycerol mix-

ture in the primary plastic collection bagattached satellite bag. The glycerol passes
from the bottle into the satellite plastic bag is plas.ed in an RC-3 refrigerated centrifuge,

V
and centri fuged at 30(N) rpm (2,350 ‘. g)and then into the primary collection bag for seven minutes.con laining the red blood cells. The 400 ml

volume of 6.2 M glycerol is added to the red
blood cel l concentrate to achieve a final
glycerol Concentrati on of 40% ‘N/V .

- ‘15 
~ 4 ’

~~~ 24. Two units of red blood cells
can be frozen in a single aluminum con-
tainer. The (mien red blood cell concen-

/ trates contain 40% WIV glycerol and have
lienmatocnts of about 80 V%. The polyvinyl
chloride plastic bag (PL-130) used to col-
Iee-t the blood can be used to freeze the red
blood cells by the high glycerol method/ 

~1
(40% W/V glycerol at -80CC). An attached
satellite bag is needed to add the ‘~Tejuve.
nat ion ” solution and the glycerol solution
prior to freez ing. In order to freeze the red- ~~~~~~~~~~ FIgure 22. The aupernatant solution which blood cells in the primary collection bag,

contains glycerol, the products of hemo lysis t,ither the trip le or quadruple bag setup
as a r~ uli of 40 f storage and glycerolIza- must be used. The plasma goes Into one of

Figure 20. The primary collection bag don, and the biochemical modif ication solu- the attached sate ll ite bags. The red blood
conta ining the ted blood cells and glycerol don is removed into the integrally attached cell concentrate is biochem ically modi-
solution Is shown after the th ree-step addi- satellite big. The red cells shown In this fled and glyce rolized in the primary col -

lion of die 400 ml of 6,2 M glycerol sotu- picture were not biochemically modified lectson bag and the supernatant solution
lion. The glycerol solution is added to the prior to glycerolization, as evidenced by en- is transferred Into an integrally attached
integrally attached satellite plastic bag and try into only one port of the attached sate)- satellite bag Neither of the ports of the
then ttansfened to the primary collection lite bag. A second port can be used to add primary plastic bag is entered during
bag contining the red blond cells. the biochemical modirmeation solution. freezing.

— —



Thawing is accomplished by im- Any of the three commercial wash. When washing is performed by
mersing the package of frozen red cells ing systems can be used. A manual manual serial centrifugation (batch
in to a constantly agitating water bath serial centrifugation wash system using washing), the red cells are diluted with
at 42° C for about 10 minutes (Fig- a refrigerated centrifuge can also be 50 ml of 12% sodium chloride and 250
ure 25). A 50 ml volume of 12% sodium used, and this requires no special ml of 0.9% sodium chloride-glucose-
chloride and 1.5 liters of 0.9% sodium equipment. phosphate solution using a two-step
chloride-glucose-phosphate solution dilution and are concentrated by
maintained at room temperature (220 centrifugation in an RC-3 Sorvall
±20 C) are used as the wash solution. centrifuge at 3000 rpm (2,350 x g)
The red blood cells are diluted first for five m inutes , and the superna tant
with a solution of 50 nil of 12% sodium WASHING IN THE IBM BLOOD solution is removed. The red blood
chloride and then with a slightly hyper- PROCESSOR cells are washed on three separate
tonic 0.9% SodiUm chloride-glucose- Washing is accomplished with 50 ml occasions with 400 ml of 0.9% sodium
phosphate solution. The temp erature of of 12% sodium chloride and 1 .5 liters chloride-glucose-phosphate solution us-
the wash solution should be 22° C of sodium chloride-glucose-phosphate ing manual serial centr ifugation.
throughout the wash cycle. It is critical solution in the following manner: the
that the red blood cells and wash t hawed red cells are diluted with 50
solutions be agitated and equilibrated ml of 12% sodium chloride by lateral
for two minutes to pennit the glycerol agitation at 180 exertions per nunute
within the red blood cells to be dis- on a modified Eberbach shaker. They • • • - -

tributed into the volume of the wash are stored at room temperature for
solution (Figure 2~). about two minutes after which they are - - - 

- .

- sodium chloride-glucose-phosphate so- 
• ~ :~:: r~I — diluted with about IOU ml of 0.9% -

- - lution with agitation, equilibrated at • ~
- ‘-

room temperature for two minutes, • 
-

- 
diluted again with 150 ml of 0.9% - •

‘5_ _ •
- sodium chloride-glucose-phosphate - —

• solution with agitation, and equihibra- • 
—

ted again at room temperature for two
• minutes. The diluted red blood cell-

• glycerol mixture is transferred into the 
- • • - • 

-•

IBM washing bag and centrifuged at • 
- • -•

J 3000 rpm (1,250 x g) for 2-1/2
- - minutes (Figure 27). The supernatant

- 

is removed and the red cells are Figure 27. The thawed red cells are diluted
Figure 25. Red cell concentrates frozen with 50 ml of 12% NaO at 180 lateral rota-
with 40% WIV glycerol in the original diluted with 400 ml of sodium chloride- dons per minute in the Eberbach shaker. The
polyvinyl chloride plastic bag system are glucose-phosphate solution with agita- diluted red cells are equilibrated at room

temperature for two minutes . The red cellsthawed at 42° C for about 10 minutes. tion. The red blood cells are then are diluted with 100 ml of 0.9% Naa-glu-

I minutes, and the supernatant solution librated for two minutes , diluted with 150

~~~~~~~~~~~~~~~~~~~~~~ 

centrifuged at 3000 rpm for 1 -3/ 4 cose’phosphate solut ion with agltatlon,equi-

mt of 0.9% NaCI.glucose-phoaphate solut ionis decanted into the waste bag. Twice with agitation , and then equilibrated for
more , the red blood cells are diluted two minutes , diluted with ISO mt of 0.9%
with 400 ml of sodium chloride-glu- NaCI-gtucose-phosphate solution with agita-

-

. core-phosphate solution centrifuged, The diluted red cell mature is concentrated
tion , and then equilibrated for two minutes.

and the sup -natant removed. The by centri fugatlon , and the supernatant so-
hematocrit is adjusted to 40 V%. and lotion is removed. Washing is accomplished
t he washed red blood cells are trans- by dilution centrifugation on three separate

— 

ferred into a transfer pack and stored cose-phosphate using the autom ated aerial
occasions with 400 ml of 0.9% NaO-giu-

at 40 C until the time of transfusion. centrlfugatlon wash protocol In the IBM
Blood Processor.Figure 26. The modified l-berh.th shaker I. No mnore than two hours should passused to dilute the glycerolizird red blond

cells with 50 ml of 12% ~aCI, followed by between the time of thawing and the
250 ml of 0.9% Naa-$ucoae-pbosph ate. time of washing and storage at 40 C.Step-w est dilut ion of 40% W /V glycerohized
red cell concent rates is ach ieved with Like the glycerol solution, th e wash
periods of equilibration between each solutions of 12% sodium chloride and
dilution: initial dilution wIth 50 ml of 12% 0.9% sodium chloride-glucose-phos-
NaCl; second dilution with 100 ml of 0.9%
Nsa-glucose-phosphate; and third dilution ptiate tnust be wartued to room tern-
w ith lit) ml of 0.9% NaC1-glucose-phosphate. perature prior to use.
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WASH ING IN THE HAEMONETICS
BLOOD PROCESSOR 15

After thawing, the red blood cells
are diluted with 50 ml of 12% sodium
chloride with agitation on the mnodi-
tied Eberbach shaker at 180 lateral ex-
ert ions per minute. They are equi- I
librated at room temperature for
about two minutes, after which the L~ 

-

~~~red blood cell-glycerol mixture is
diluted with 100 ml of sodium chlo- it 

I ~~~~~~~~~~~~

-

~~~~~~~

-

~~~

-

ride-glucose-phosphate solution and
equilibrated at room temperature for
two minutes. An additional 150 ml
of 0.9% sodium chloride is added with
agitation to fill the bag completely, Figure 30. Washing red blood cells freeze-Figure 28. The Haemonetics Blood Proces— preserved with 40% WIV glycerol in thethe unit is equilibrated at room sor 15 is used to recover and wash the di- bioriented polyolefmn plastic container. Thetemperature for two minutes, and the luted glycerolized red cells in the modified thawed glycerolized red blood cells arecontents are transferred into the polycarbonate bowl. The centrifuge is spun w ashed with 3.2 liters of sodium chlorideat 5900 rpm. After thawing, the 40% WIV solutions using gravity flow at 200 ml perwashing bowl using a bypass harness glycemlired red cell concentrate with ~ minute.which is connected to the modified hematocrit of 80 V% is- diluted first with
Haemonetics polycarbonate bowl 50 ml of 12% Naa, then with 100 ml of

0.9% NaCI-glucose-phosphate, and then with(Figure 28). About 1.5 liters of 0.9% ISO ml of 0.9% NaCI-glucose-phosphate,us-
sodium chloride-glucose-phosphate so- ing the modified Eberbach shaker. The red
lution is attached to the styhette of blood cells are recovered and washed with

about 1.25 liters of sodium chloride-glucose-the bypass harness containing the air phosphate solution. __________________vent. The 1.5 liter volume of sodium 
______

height of about 19 inches from the 
-

red blood cell -glycero l mixture is

chloride solution is maintained at a ______

maintained at a height of about 2 1 - 
-

base of the washing bowl. The diluted

inches from the base of the washing , 
- 

-

bowl during transfer into the modi- - 
- - - • 

I -

fled pohycarbonate bowl at about 100
ml per minute at 5900 rpm. When
transfer of the diluted red blood cells
is complete , the 0.9% sodium chloride-
glucose-phosphate solution is added
(Figures 29. 30, and 3 1).

IiThe flow rate of the wash solution
~~ • Figure 31. Red blood cells containing 40%is controlled with the modified harness WIV glycerol with a hematocr it of 40 V%

by adjusting the heights of the diluted Figure 29. Using the Haemonetica Blood frozen in the bior iented polyole fin plastic
Processor 15, the bypass harness connects bag are washed with 3.2 liters of sodiumred cell mixture and the 1.5 liter the thawed glycerolized red blood cells, the chloride solutions (on the left), and red cellvolume of sodium chloride solution. 12% Nsa, the 0.9% Naa.gIuo~~-~,hosphate, concentrates containing 40% W/V glycerol

The flow rate of the wash solution and the washing bowl. The red blood cells with a hematoc rit of 80 V%, frozen in the
were first diluted with 50 ml of 12% NaCI, primary PL-130 polyvinyl chloride plasticthrough the recently modified 

~°~“ and then with a total of 250 ml of 0.9% bag used to collect the blood are washed withcarbonate w ashing ôowl should not Nsa-glucose-phosphate on two separate oc- Ii liters of sodium chloride solutions (on
exceed 140 ml per minute. The was hed caslona with the modified Eberbach shaker, the right).

The diluted red blood cells were held aboutred blood cells are transferred into a 21 Inchea above the base of the washingsatellite bag and stored at 4° C until bowl, and the 0.9% NaCIglucose-phosphate
transfusion , solution was held about 19 Inches above the

base of the washing bowl. To fill the bowl
spun at 5900 rpm, the flow rate of the blood
is about 100 ml per minute , and the flow
rate of the wash solution is about 140 ml
per minute.



WASHING IN THE FENWAL delay switch is set for 30 seconds , the Whiemi red blood cells are froien
ELUTRAMATIC first timer is sd fur seven minutes for with 4(Y W/V glycerol in the primary

The software used in the Fenwal t h e  first liter of ’ was h solution , and co llection hag, about W- of t h e red
Llutramatic is set up as previously t he second timer is set for eight blood cells arc osmotically damaged
described ~Valeri, 1975). Two units minutes for the second liter of wash during addition and removal of
can be washed at one time (Figure 32). solution. The hematocrit of the glycerol. Freete-thaw damage of less
The centrifuge speed is set up at 3100 washed unit is 40 V ’~. The washed than 2~ occurs w hen red blood cells
rpm at a temperature of 220 C. After red cells are not concentrated in are fro,.en in the original polyvinyl
thawing, the red blood cells are diluted the centrifuge, hut are transferred ch loride plastic hag. store d at -80° C.
with 50 ml of 12% sodium chloride to a plastic transfusion bag at .ibout and thawed at 42° C for about hO
w ith agitation at about 180 lateral 500 ml per minute , and are stored minutes. Overall in vitro results show
exertions per minute using the modi- at 40 C in sodium chloride-glucose- that greater than 90% of the red blood
fled Eberbach shaker. The mixture is phosphate solution until transfu sion, cells are recovered, and residual
equilibrated at room temperature for supernatant hemoglobin level is less
about two minutes, diluted first wtth All three systems use the same wash than hOG mng~~. Non-rejuvenated red
100 ml of 0.9’-~ sodium chloride- solutions: 50 nil of 12% sodium blood cells and indated-rejuvena ted
glucose-phosphate solution with agita- chloride and 1 .5 liters of 0.9% sodium red blood cells have 24-hour post-
t ion, equilibrated at room tem perature chloride-glucose-phosphate. The sodi- transfusion survivals of about 90~l- .
for two minutes, and then diluted with urn chloride-glucose-phosphate solu- Outdated-rejuvenated red blood cells
ISO ml of 0.9% sodium chloride- tion is also used as the storage medium had 24-hour post transfusion survivals
glucose-phosphate solution with agita- at 4° C. of about 75%.
tion, and equilibrated again at room Overall freeze-thaw and freeze-
temperature for two m inutes. The Red blood cells freeze-preserved thaw-wash recoveries and supematant
mixture is transferred into the special with 40% W/V glycerol and washed in hemoglobin levels for red blood cells
washing bag at about 500 mu! per any one of the three previously frozen in the primary collection poly-
minute. The red cells are decanted mentioned systems, have hematocrit vinyl chloride bag are equal to or
into the waste bags, the centrifuge is values of about 40 V%. It is recom- better than the results obtained
turned on, and for 30 seconds no mended that the red blood cells be when red blood cells are frozen with
washing fluid is allowed to enter the concentrated to hematocrit values of the established high glycerol freeze-
washing bag. The sodium chloride- 90 V% prior to transfusion by cen- preservation method (Valeri. 1975).
glucose-phosphate solution is then trifugation of the red blood cells and An accelerated loss of pot assium ion
delivered into the washing bag at removal of the visible supernatant during post-thaw storage at 40 ç
about 100 ml per minute. The time solution, in sodium chloride-glucose-phosphate

solution has been observed in red
- . 

‘..- blood cells frozen in the primary
collection bag, but this has not been

I associated with a concomitant loss of
hemoglobin. The cause of the p0-• • • , ~~~~,_ tassium ion leak is still unresolved.

- 
liii i - 

- The potassium ion loss from red
blood cells has not been a serious prob-
lens because we concentrate the red

m ove the supernatant solution prior
blood cells by centrifugation and re-

to transfusion. Red blood cells frozen
by the established high glycerol method
have been stored for at least three days

_________ at 40 C in a sodium chloride-glucose-

~~~~~~~~~~~~~~~~~~~~~~~~~~ ,/~~~ contamination, excellent maintenance
phosphate solution with no sign of

of post-transfusion circulation, satis-
factory oxygen transport function,

J

and minimal spontaneous hemolysis
(Valeri, 1975). No special freezing hag

FIgure 32. The thawed red cells are diluted with 50 ml of 12% NaCI at 180 lateral rotations per is needed with the modified high
minute using the modified Eberbach shaker. The diluted red cells are equllbrated at room tem-
perature for two minutes. The red cells are diluted with 100 ml of 0.9% NaCl.glucoae-phosphate glycerol method, and a smaller volume
solution with agitation, equilibrated for two minutes, diluted with ISO ml of 0.9% Nsa-glucose- of wash solution (1 .5 liters) is used. In
phosphate solution with agitation, and then equilibrated for two minutes. The red blood celia In addition, the stora ge capacity of the
the red cell mixture are recovered and washed with 1.25 liters of 0.9% Naa.glucose-phosphate -80° C mechanical refrigerator is in-solution by continuous-flow centrifugatlon in the Fenwsl Elutramatic. Two units of red blood
cells see washed at the same time, creased by 100%,



Table 2. Justification of Washed Freeze-Preserved Red Blood Cells Dennis, R. C., Vito , L., Weisel,
R. D., Valeri, C. R., Berger, R. L., and
Hechtman, H. B.: Improved myo-

I. Rare and selected red blood cells. cardial performance following high 2,3
diphosphoglycerate red cell trans-

2. Autologous transfusion, fusion, Surgery 77:741, 1975.

3. Red blood cells low in wh ite blood cells and platelets for transplant Hechtman, H. B.: Adequate circu-
recipients. latory response or cardiovascular

failure. Surg. Clin, N. Amer. 56:929 ,
4. Reduction in Hb5Ag antigen and other viral agents. 1976.

5. Salvaging universal donor red blood cells (rejuvenation of outdated red Valen, C. R.: Metabolic regenera-
blood cells) for freeze-preservation. tion of depleted erythrocytes and their

frozen storage . In: The Human Red
6. Red blood cells with 1-1/2 to 3 times normal 2,3 DPG levels and with Cell In Vitro, Greenwalt , T. J. and

decreased affinity for oxygen (rejuvenation of indated and outdated Jansieson, G. A., Eds., Grune &
red blood cells) for freeze-preservation. Stratton , New York and London,

1974, pp. 281-321.
7. Reduction in plasnsa protein (IGA, IGG , and 1GM).

Valen , C. R.: Simplification of the
8. Removal of vasoactive substances (angiotensin, serotonin, bradykinin). methods for adding and removing

glycerol during freeze-preservation of
human red blood cells with the high

We are presently in the process of REFERENCES and low glycerol methods: Biochemi-
trying to determine the etiology of the Benesch, R. and Benesch, R. E.: cal modification prior to freezing.
potassium ion loss during the post-thaw The effect of organic phosphates from Transfusion 15 : 195 , 1975.
storage period, whether it be the plastic the human erythrocyte on the allostericused or whatever. properties of hemoglobin. Biochem. Valeri, C. R.: Blood Banking and

Biophys. Res. Commun. 26:162 , 1967. the Use of Frozen Blood Products.
The studies reported here show the Chemical Rubber Company Press, Inc.,

value of biochemically modifying red Beutler, E. and Wood , L.: The j,~ Cleveland, Ohio, 1976.
blood cells to restore or increase their vivo regeneration of red cell-diphospho-
2,3 DPG and AlP levels and thus im- glycerie acid (DPG) after transfusion Valen, C. R. and Hirsch, N. M.:
prove the transport of oxygen to of stored blood. J. Lab. C/in. Med. Restoration in vivo of erythrocyte
tissue, Biochemically modified red 74:300, 1969, adenosine triphosphate. 2,3 diphos-
blood cells can be freeze-preserved phoglycerate, potassium ion, and
with 40% W/V glycerol at .800 C in Chance, B., Thurman, R., and sodium ion concentrations following
the same polyvinyl chloride plastic Gosa!vez, M.: Oxygen affinities of the transfusion of acid-citrate-dextrose -
bag in which the blood is collected. All cellular respiration. Forsvarsmedicin stored human red blood cells. I. Lab.
of these procedures add to the cost of 5:235. 1969. Clin Med. 73 :722 , 1969,
the blood product , but do provide a
superior product (Table 2). Moreover , Chanutin, A. and Curnish, R. R.:
when considered on a wider scope, Effect of organic and inorganic phos- Valeri, C. R., Weisel , R. D., Dennis,
using biochemical modification to phates on the oxygen equilibrium of R. C., Mannick, J. A., Berger , R. L.
“ rejuvenate ” red blood cells for freeze- human erythrocytes. Arch. Biochem. and Hechtman, H. B.: Oxygen trans-
preservation in the long run would Biophys. 121 :96, 1967. port function of preserved red blood
prove to be a more economical cells and nsyocardial performance. To
approach since the amount of waste Collins, J. A.: Problems associated be published.
associated with the present system of with the massive transfusion of stored
blood banking could be reduced blood. Surgery 75:274 . 1974.
significantly, the acute blood shortages Valtis, D. J. and Kennedy, A. C.:
could be eliminated, and the patients Collins, .1. A.: Massive blood trans- Defective gas transport function of
would be receiving a better blood fusion. Clinics in ilgematology 5:201, stored red blood cells. Lancet 1:119 ,
product. 1976. 1954.
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‘ed blood cells upon infusion . Biochemically modified red blood cells, or
rejuvenatedN red blood cells as they are sometimes referred to, can be freeze-
preserved or not as the situation demands.
ted blood cells that have exceeded their mandatory shel f-life have been bio-
:hemically modified with a solution of pyruvate, inosine, glucose, phosphate,
tnd adentne. The stored red blood cells are incubated with the “rejuvenation TM

~o1ution for 1 hour at 37 C. Biochemically modified red blood cells must be
sashed before transfusion whether or not they have been frozen to remove the
idditives used in the solution .
then the so-called rejuvenated red blood cells are to be freeze-preserved, the
ippropriate concentration of glycerol is added after the incubation process, th~
~~ blood cells are concentrated by centrifugatlon to a hematocrit of 80 V% ,
m d  all the visible supernatant is removed. The glycerolized red cell concen-
:rate is frozen by storage in a mechanical refrigerator at —80 C. The frozen
ed cell concentrate is thawed by placing it in an agitating water bath at 42 Cror 10 mInutes. Red cell washing is done in any of the following systems:
ianual serial centrifugation , automated serial centrifugation in the IBM Bloodprocessor , continuous-fl ow centrifugation in the non-programmed Haemonetics
flood Processor 15, or continuous-fl ow centrifugation in the Fenwal Elutramatic
rhe wash solution consists of: 50 ml of 12% sodium chloride and 1.5 liters of
).9% sodium chloride containing glucose and phosphate. Red cel l recovery after
thawing is about 97% and after washing about 90%. Supernatant hemoglobin after
‘ashing is less than 100 mg.
tith the new blood collection system reported here, the cost of processing can
be reduced at least 50% and the storage capacity In the -80 C mechanical
refrigerator can be doubled . Moreover, the potential for contamination of the
blood product is reduced. Biochemically modified freeze-preserved red blood
:ells have been used successfully in a number of important clinical situations .
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