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Red blood cells are still the most widely transfused blood component worldwide and their7

story is intimately entwined with the history of transfusion medicine and the changes in the8

collection and storage of blood.1,2 At present, the most widely used protocol for the storage of9

red blood cells (for up to 42 days) is the collection of blood into anticoagulant solutions10

(typically citrate-dextrose-phosphate); red cell concentrates are prepared by the removal of11

plasma and, in some cases, also leukoreduction. The product is stored at 4 ± 2° C in a slightly12

hypertonic additive solution, generally SAGM (sodium, adenine, glucose, mannitol, 37613

mOsm/L).1 The British obstetrician, Braxton Hicks in 1868, experimented with a solution of14

phosphate of soda, but this also proved toxic. Richard Lewinsohn, in 1915, of the Mount Sinai15

Hospital in New York is credited with introducing sodium citrate into clinical practice as an16
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1 Introduction20

ed blood cells are still the most widely transfused blood component worldwide and their story is intimately21
entwined with the history of transfusion medicine and the changes in the collection and storage of blood. 1,2 At22
present, the most widely used protocol for the storage of red blood cells (for up to 42 days) is the collection of23
blood into anticoagulant solutions (typically citrate-dextrose-phosphate); red cell concentrates are prepared by24
the removal of plasma and, in some cases, also leukoreduction. The product is stored at 4 ± 2° C in a slightly25
hypertonic additive solution, generally SAGM (sodium, adenine, glucose, mannitol, 376 mOsm/L). 1 The British26
obstetrician, Braxton Hicks in 1868, experimented with a solution of phosphate of soda, but this also proved27
toxic. Richard Lewinsohn, in 1915, of the Mount Sinai Hospital in New York is credited with introducing sodium28
citrate into clinical practice as an anticoagulant. 3 In fact, a 1% solution of sodium citrate was already widely29
used in laboratories as an anticoagulant. This high concentration was toxic to humans but, as Lewinsohn himself30
recalled, ‘Nobody had ever followed the simple thought of carrying out experiments to ascertain whether a much31
smaller dose might not be sufficient’ for use as an anticoagulant. In 1915, he published the results of four years of32
experiments showing that a 0.2% solution of sodium citrate was effective as an anticoagulant for blood, while at33
the same time having no toxicity even when as much as 2500 ml citrated blood was transfused . 3 At first, blood34
anti coagulated with sodium citrate was generally used within hours of donation and it was certainly not anti35
coagulated with a view to longterm storage. The following year, experimental work in rabbits showed that the36
addition of dextrose to blood stored for 2 weeks was effective in correcting anaemia after transfusion to rabbits37
which had been bled (Rous & Turner, 1916). Acid±citrate±dextrose (ACD) solution was adopted in the UK38
for anticoagulation of donated blood after a clinical review that conclusively demonstrated improved red cell39
survival on storage without any disturbance of acid±base balance in the recipient by Loutit & Mollison in 1943.40
Citrate±phosphate±dextrose (CPD) solution was subsequently adopted as the anticoagulant of choice41

Author: e-mail: sirat1med@gmail.com after clinical studies were conducted using blood stored for up to 2842
days. 3 The development of blood storage systems allowed donation and transfusion to be separated in time and43
space. 2 This separation has permitted the regionalization of donor services with improvements in the quality and44
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availability of blood products. The availability of storage raises the question of how long blood products can and45
should be stored and how long they are safe and effective. The efficacy of red blood cells was originally measured46
as the increment in haematocrit and safety began with typing and the effort to reduce the risk of bacterial47
contamination. Appreciation of a growing list of storage lesions of red blood cells has developed with increasing48
understanding of red blood cell physiology and experience with red blood cell transfusion. However, other than49
frank haemolysis, rare episodes of bacterial contamination and overgrowth, the reduction of oxygencarrying50
capacity associated with the failure of some transfused cells to circulate, and the toxicity of lysophospholipids51
released from membrane breakdown, storage-induced lesions have not had obvious correlations with safety or52
efficacy. 1,2 A brief list of the elements of the so-called ”red blood cell storage lesion” includes: morphological53
changes, slowed metabolism with a decrease in the concentration of adenosine triphosphate (ATP), acidosis with54
a decrease in the concentration of 2,3diphosphoglycerate (2,3-DPG), loss of function (usually transient) of cation55
pumps and consequent loss of intracellular potassium and accumulation of sodium within the cytoplasm, oxidative56
damage with changes to the structure of band 3 and lipid peroxidation, apoptotic changes with racemisation of57
membrane phospholipids and loss of parts of the membrane through vesiculation. [4][5][6] Some of these changes58
occur within the first few hours of storage, for example, the decrease in pH or the increases in potassium and59
lactate; others, however, take days or weeks 5 .Together, these events risk compromising the safety and efficacy60
of long-stored red blood cells, reducing their capacity to carry and release oxygen, promoting the release of61
potentially toxic intermediates (for example, free haemoglobin can act as a source of reactive oxygen species) and62
negatively influencing physiological rheology through the increased capacity of the red blood cells to adhere to the63
R endothelium [7][8] or through their enhanced thrombogenic 9 or pro-inflammatory 10 potential. [11][12][13] The64
most evident changes affecting red blood cells during the storage period are alterations of the cell phenotype,65
which varies from a smooth discoid shape to a phenotype characterised by various membrane protrusions or66
spicula (echinocyte) and finally to a spheroid-shaped cell (spheroechinocyte) 14 . The reversibility of these67
changes is inversely proportional to the duration of storage.68

The storage lesion also involves the fluxes of sodium ions (massive entry into the cell) and potassium ions (exit69
from the cell), since the Na + /K + pump is inactive at 4°C . 13 Although this is a reversible process, it takes70
24 hours to restore the physiological gradients for sodium, and up to 4 days for potassium, this phenomenon71
means that blood stored for a prolonged period should not be used for neonates or paediatric patients, unless72
first washed or the potassium removed from the storage medium. [15][16][17] Hyperkalemia caused by massive73
transfusion of older red cell units with an elevated amount of extracellular potassium can result in serious cardiac74
complications, and possibly death in cardiac, patients. Other patients at risk of complications are neonates,75
massively transfused patients and those with renal failure. Cardiac arrest has been reported in patients following76
massive transfusion because of transient hyperkalemia. It can occur during exchange transfusions for haemolytic77
disease of the newborn, and the levels reached can be potentially lethal because of small intravascular blood78
volume. [18][19][20] During storage, lactic acid accumulates in the blood bag. 21 As a result, RBC pH decreases79
during storage 15 and this increases phosphatase 3 enzyme activity, which results in 2,3-diphosphoglycerol (DPG)80
degradation. 2,3-DPG binds to deoxyhemoglobin and stabilizes it. This facilitates oxygen transportation from81
the lungs to tissues by oxyhemoglobin. A decrease in 2,3-DPG results in increased oxygen affinity of hemoglobin82
and therefore less oxygen delivery to tissue. It is clear that the storage lesions outlined above progressively occur83
over the duration of storage. The decrease in 2,3-DPG levels is also a reversible event, and completely normal84
levels can be restored within 3 days after the transfusion. 17 Leukocyte reduction of packed Red cell units is85
now a common practice in the USA and Europe. Prestorage leukoreduction was not a common practice before86
the year 2000 in the United States. Leukoreduction was introduced to minimise risk of febrile nonhemolytic87
transfusion reaction 22 , alloimmunization 23 , transfusion-related immune modulation 24,25 , and transfusion88
transmitted infections such as cytomegalovirus 26 . There is evidence that WBC affect the quality of stored RBC.89
15,17,21 In the present study we report an integrated overview of the biochemical and haematological processes90
taking place in RBC during storage. It is beyond the scope of this study to provide a proper clinical answer to91
the critical question on the quality of long-stored Red Blood Cells.92

2 II.93

3 Review of Literature94

In the days before red blood cell (RBC) storage solutions, the patient and the donor had to be side by side. Blood95
was transfused by anastomosing their circulations or by rapid transfer with funnels or syringes before clotting96
intervened. Attempts to separate the donor and recipient involved collecting blood either by scarification or97
venesection and defibrinating it by rapid stirring or delaying coagulation using paraffined flasks. None of these98
methods was compatible with blood banking in the modern sense. 1 In 1915, Rous & Turner developed the99
first RBC storage solution, a mixture of citrate and glucose, for storing rabbit RBC for use in a heterophile100
agglutination test for syphilis. They showed that this solution preserved the RBC at ice-box temperatures for101
up to 4 weeks, with minimal haemolysis. Moreover, the stored RBC could be injected back into the donor102
rabbits, which raised their haematocrit more than could be accounted for by the reticulocyte count. 1 The higher103
haematocrit persisted without the appearance of bilirubin in the rabbits’ urine, suggesting that the returned104
RBC did not break down. Oswald Robertson, who worked in Rous’s laboratory in 1915-1916, used Rous-Turner105

2 10.34257/GJMRKVOL21IS3PG31



solution in the world’s first blood bank in France during World War I. 5 Mollison, 1 reviewing this history, pointed106
out that citrate, by fully anticoagulating plasma, allows the donor and recipient to be separated in space, while107
glucose, feeding the RBC, allows donors and recipients to be separated in time. Stable storage of RBC over108
distance and time meant that blood could be collected from large numbers of individuals, typed and tested for109
syphilis at a central location, and shipped to where it was needed with a reasonable chance of finding a recipient.110
Storage solutions make blood banking possible. Currently, blood components can be stored for a prolonged time.111
The ability to store blood for a long time revolutionized blood transfusion practices and dramatically improved112
the practice of medicine and surgery. The subsequent history of RBC storage solution development has been one113
of slow and incremental progress. 1 Progress has been slow because the understanding of the RBC storage lesion114
is incomplete. Progress has been incremental because industry and the regulatory systems seemed to be able to115
deal with only one problem at a time, and the developmental cycle tends to be a decade long. These cycles have116
included heat sterilization in the 1940s, phosphate in the 1950s, plastic bags in the 1960s, adenine in the 1970s,117
additive solutions in the 1980s, and leucoreduction in the 1990s. Recently, an improved understanding of the118
storage lesion and the application of a well-structured developmental approach have allowed further progress to119
be made in designing solutions that permit the storage of RBCs for longer and under better conditions. Stable120
storage of RBC over distance and time meant that blood could be collected from large numbers of individuals,121
typed and tested for syphilis at a central location, and shipped to where it was needed with a reasonable chance122
of finding a recipient. Storage solutions make blood banking possible.123

Robertson described using mixtures of citrate and glucose solutions and transfused blood that had been stored124
for as long as 26 days. However, his United States (US) Army Medical Corps superiors decided that it would be125
safer to collect blood into citrate only, because of the risk of bacterial contamination and overgrowth. Mixtures126
of sodium citrate and dextrose caramelized when the solutions were heated, whereas solutions of sodium citrate127
alone could be autoclaved. There is enough glucose in whole blood from healthy donors to support RBC storage128
in ice chests for about 5 days. Thus, the collection of whole blood into autoclaved bottles of 3?8% sodium citrate129
solution and 5-day blood storage on ice became the first blood bank standards. This system of blood banking130
was implemented in casualty clearing stations and field hospitals, supporting stable trench warfare in the spring131
and summer of 1918, but became logistically difficult in the autumn of 1918 during the more mobile fighting in132
the Ardennes Forest.133

Captain Oswald Hope Robertson, a physician volunteer in the United States Army, built the world’s first blood134
bank, on the Western Front in World War I. While others performed occasional transfusions by direct artery-135
to-vein anastomosis or indirect syringe or flask techniques, Robertson built a donor and transfusion service that136
would be recognizable today. He collected blood from previously typed ”universal” donors by needle venepuncture137
through rubber tubes into glass bottles containing citrate and dextrose solution. He stored these bottles on ice138
for up to 26 days and transported them to casualty clearing stations where they were needed. 11 He administered139
transfusions to wounded soldiers and proved that transfusion worked. He performed hundreds of transfusions140
himself and taught others who performed untold numbers more. He published descriptions of the Technique141
and results in the British Medical Journal in April and June 1918. His work was recognized as among the most142
significant medical contributions of the war. The British Government awarded him the Distinguished Service143
Order. After the war, Robertson went to China to work for the Rockefeller Foundation, and blood banking144
disappeared for almost 20 years.145

At the beginning of World War II, the British Army implemented a blood system using the 5-day storage146
method, while Americans Elmer DeGowin and John Alsever revived the study of combined citrate and glucose147
solutions. Loutit & Mollison then showed that a mixed citrate and glucose solution could be autoclaved if the148
pH was below 5?8. Acid citrate dextrose (ACD) solution was manufactured in sterile vacuum bottles and whole149
blood collected into those bottles could be stored for 21 days. Blood that could be stored for 21 days could150
be shipped around the world, and ACD blood was the basis for building national blood systems in the British151
Commonwealth and USA during and after World War II 1 .152

Plastic blood-storage bags were first developed in the 1950s. The modern plastic blood bag was invented153
and made as a prototype in 1947, tested clinically in the 1950s at Harvard and used experimentally in the154
Korean War and finally licensed and widely introduced in the early 1960s. Plastic blood bags were developed155
as a replacement for glass bottles to prevent contamination, breakage and air embolism and allow the sterile156
manufacture of components and facilitate their separate storage. They were seen as advantageous for military157
logistics because of their lighter weight and resistance to breakage. The ability to manufacture connected sets of158
bags enabled the design of a sterilized closed-collection system that decreased the rate of bacterial contamination159
from experimental surfaces. By the time they became approved commercial products in the 1960s, their veinto-160
bag unitary construction, and ability to exclude air bubbles reducing the chance of air embolism during pressure161
infusion, small volume in refrigerator storage and optical clarity were all recognized as distinct advantages. With162
the development of blood component manufacturing, they became indispensable. 1,2 The plastic needed to be163
tolerant of the High temperatures of sterilization and Low of plasma freezing and have optical clarity to allow164
visual infusion. Polyvinyl chloride (PVC) copolymer, plasticized with di-2ethylhexyl phthalate (DEHP), was165
found to have all of these desired properties. It reduced red cell haemolysis fourfold compared with storage in166
glass, resulted in reduced rates of bacterial contamination (053% in plastic containers vs. 67% in glass) and167
gave fewer pyrogenic reactions. Twenty-four-hour recovery in vivo was 84% for ACD anticoagulated blood in168
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DEHP-PVC after 20-day storage and 72% after 28 days, contrasting to around 70% after 21 days in bottles.169
Once Component preparation started, the use of the plastic was essential, thereby making available platelets for170
cancer care, and plasma for fractionation. The standard plastic used in blood bag manufacture contained about171
55% PVC with up to 40% w/w DEHP plasticizer. This was an advantage for military logistics because of their172
lighter weight and resistance to breakage. The ability to manufacture connected sets of bags enabled a sterilized173
closed-collection system that decreased the rate of bacterial contamination from experimental surfaces. By the174
time Bags became approved commercial products in the 1960s, their vein-to-bag unitary construction, ability to175
exclude air bubbles reducing the chance of air embolism during pressure infusion, small volume in refrigerator176
storage and optical clarity were all recognized as distinct advantages. 11 However, from the point of view of RBC177
storage, the most important contribution of plastic bags was the introduction of diethylhexyl phthalate (DEHP),178
the plasticizer used with polyvinyl chloride (PVC). 1 It is now known that DEHP leaches out of the plastic bag179
and enters the RBC membrane where it limits membrane loss by microvesiculation. This effect was large, with180
the reduction of haemolysis during storage being fourfold when measured each week .The net result was that181
RBC can be stored for twice as long in PVC bags as they could be in either glass or Plastic. Only when RBC182
storage was extended beyond 3 weeks and storage solutions supported RBC metabolism for longer, could this183
effect come to light.184

The safety of DEHP in blood bag systems has always raised questions since the early 1970s, when considerable185
quantities of the plasticizer were found in various tissues of deceased transfusion recipients. Professional and186
public interest in alternative plastics for blood storage has varied over time, reflecting both environmental and187
health concerns. DEHP had been labelled as a toxic compound category 2 (that is, toxic effect on fertility and188
development) earlier in this century, the search for alternatives has been intensified, resulting in nearly complete189
replacement by other plasticizers and/ or materials for use in the food and toys industry. However, in medical190
care, the basic DEHP-PVC formulation of blood container plastic and many other disposables is still in use today191
despite these concerns. 11,29 A recent International Forum by Van der Meer PF revealed that for particular192
patient groups, including neonates that require large volume transfusions including exchange transfusions or193
extracorporeal membrane oxygenation (ECMO), as well as adult patients that require frequent transfusions194
dialysis, cardiac or trauma patients, there is concern of high exposure to DEHP. These patients receive fresh195
blood products, although DEHP concern is not the prime reason for using fresh blood, but is regarded as an196
added benefit. 41 Blood bags have been licensed and commercially available for over 50 years. The initial goals197
in their manufacture: improved sterility, protection from breakage with dropping, elimination of the air bubble198
and foaming with infusion, and the ability to give blood under pressure without the risk of air embolism, have199
all been achieved. Further, the initially unanticipated benefits of sterile component manufacturing and better200
component shelf life have become critical and indispensible in the blood banking industry.201

Whole blood collection, the first step in blood collection and component manufacture, involves placing a needle202
in a donor’s arm and collecting the blood by gravity drainage. A tourniquet or blood pressure cuff at 40 mm203
Hg facilitates this collection process without the problem of venous collapse because of the vacuum in the blood204
bottle with the subsequent need for venting and the resultant increased risk of bacterial contamination. Modern205
bags are also sized to prevent overdrawing, vis-a vis the old systems where 450 ml of blood was drawn into 63206
ml of anticoagulant in an 800or 1000-ml bottle. With the modern collection of 500 ml of whole blood into 70207
ml of anticoagulant in a 600-ml bag, there is no room for significant overdrawing. Squeezing or rocking the bag208
during collection allows for efficient mixing of anticoagulant and blood without the risk of dropping a bottle.209
With the adopting protocols of overnight hold of whole blood before processing, the importance of the plasticizer210
in the primary collection bag may increase. Whether the early incorporation of the plasticizer into the RBC211
membrane related to early exposure or sustained higher temperature has an effect on either RBC recovery or212
haemolysis is not known. The effect of the presence of plasticizer during whole blood storage on platelet storage213
is as yet unknown. Red cells are separated from platelets and plasma with the primary spin in blood component214
processing. After separation, the storage solution is added and the unit is leucoreduced when the red cells are215
moved to the final storage bag 11 .216

The important aspects of the RBC storage bag appear to be its geometry, permeability and plasticizer.217
Geometry and permeability affect the rate of Carbon dioxide efflux from the bag, certainly important with the218
new bicarbonate containing storage solutions of Hess and Greenwalt 44 i.e EAS, Experimental Additive Solutions,219
but important for all RBC storage systems as the presence of Carbon dioxide (as bicarbonate) accounts for about220
a quarter of the buffering, even in standard RBC storage systems such as SAGM.221

The plasticizer remains the most important aspect of a RBC storage bag, with DEHP reducing haemolysis222
by fourfold and increasing recovery by several percent. These plasticizer effects can spell the difference between223
licensure and rejection of a RBC storage system in the United States. Platelet storage bags have been an224
area of rapid development over the last decade in parallel with the development of platelet additive solutions225
and the development of 7-day platelet storage systems. DEHP-free bags and high permeability bags to facilitate226
Oxygen transport have been particular areas of focus. Nevertheless, at high platelet concentrations, most modern227
platelet bags still cannot deliver sufficient oxygen for platelet metabolic processes and this is an area where further228
improvement is possible. Plasma can be stored for a year at -18°C and 7 years at -65°C, but there is a serious229
problem with the breakage of PVC bags in transport. In military use, this breakage rate can be as high as 50%.230
Efforts to introduce more thermo-tolerant bags are opposed with the claim that plasma processors want recovered231
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plasma in PVC bags because they break the bags as the least expensive way to get the plasma out. As this is232
clearly not compatible with current good manufacturing practice, it should not be a reason not to include more233
thermo-tolerant bags in blood storage systems for human transfusion use.234

In summary, plastic blood bags were a major advance when they were first licensed in 1962. Their continued235
development has meant better storage for platelets and holds the prospect of better storage for RBCs, plasma236
and granulocytes as well. Phosphate leaks slowly from stored RBC. This is not clinically important during237
the first 2 weeks of storage when the breakdown of diphosphogly cerate (DPG) provides sufficient intracellular238
phosphate to support the synthesis of new adenosine 5?-triphosphate (ATP). Adding sodium phosphate to ACD239
reduced this phosphate loss by reducing the gradient in phosphate concentration between the inside and the240
outside of stored RBC. Maintaining the production of RBC ATP increased the fraction of RBC that stayed241
in the circulation at the end of storage. Chromium-51, produced in nuclear reactors, became available in the242
1950s and improved the accuracy of measurements of the fraction of RBC that stayed in the circulation. These243
more precise measurements confirmed the earlier observation that RBC, which survived their first 24 h in the244
circulation (in vivo recovery), went on to have a normal 100-day life span. Citrate phosphate dextrose (CPD)245
solution, with 16 mM/l phosphate, increased the fraction of RBC recovered after 3 weeks of storage from ? 75%246
with ACD to > 79%, and even when the cells were stored for 4 weeks, the recovered fraction was only slightly247
lower than after storage in ACD for 3 weeks. However, the American Food and Drug Administration licensed248
CPD whole blood for 3-week storage, arguing that better storage was more important than longer storage.249

In 1962, Nakao and colleagues described the relationship of the loss of RBC viability with their loss of ATP.250
1 They showed that adenine and inosine could be added to stored RBC with the restoration of cell shape, ATP251
concentration and viability. Moreover, these materials could be added to the original ACD storage solution where252
they slowed the onset of the loss of ATP and viability in stored RBC. Subsequently, it was recognized that RBC253
lose adenine and adenosine to deamination reactions, and that the provision of additional adenine could extend254
storage and improve RBC recovery and osmotic fragility. Citrate phosphate dextrose adenine (CPDA-1) solution255
was developed in 1968 and shown to permit whole-blood storage for 5 weeks. However, regulatory questions256
about the safety of adenine, specifically the question of whether its use would lead to the development of uric257
acid stones, delayed the licensure of CPDA-1 in the USA for 11 years. In these 11 years, blood banks moved258
away from whole blood storage to the manufacture of components. Whole blood transfusion was largely replaced259
by the use of packed RBCs.260

Zuck and colleagues, in 1981, performed the critical licensure study for CPDA-1 in both whole blood and261
packed cells, they found that the recovery of RBCs stored for 5 weeks as whole blood averaged 81%, whereas262
those stored as packed cells had a lower average recovery of 72%.Beutler & West went on to show that the tighter263
that CPDA-1 RBC were packed, the sooner they ran out of glucose, and the worse was the in vivo recovery. It264
was possible to add more glucose to the original anticoagulant storage solution, making CPDA-2, but it meant265
that the plasma and platelets from those donors contained large amounts of unnecessary sugar. Removing most266
of the plasma from CPDA-1 packed RBC also meant that the storage haematocrit was greater than 75%, making267
the blood viscous and difficult to administer rapidly in emergency situations. 17 The concept of using additive268
solutions instead of re suspending packed RBCs in anticoagulant and plasma was first introduced by Fischer269
and his colleagues and rigorously explored by Beutler 45 . Beutler prepared a solution that was added in equal270
volume to the red cells after the plasma was removed. The solution, which was designated BAGPAM, was271
composed of the following ingredients in mmol/L: 101.4 sodium bicarbonate, 14.3 sodium carbonate, 1.0 sodium272
phosphate,1 adenine, 55 glucose, and 0.5 mannitol. In this additive 2,3-DPG was maintained at better than273
initial concentrations for 42 days, but ATP dropped to 20% of its initial level within 7 days. However, the effect274
could only be achieved if the volume of the blood was limited to 50 mL so that the volume to surface ratio275
would permit the diffusion of sufficient Carbon Dioxide from the bag. Mixing at least 3 times per week was also276
necessary. Storage of 250 and 500 mL of blood in standard bags was not satisfactory.277

Plastic films with higher permeability to CO2 were considered necessary. He suggested that bags made of278
silicone rubber might be suitable. The bicarbonate buffering was a particularly interesting innovation. RBCs279
metabolize glucose to make ATP. The waste products are lactate and protons. The protons accumulate, driving280
down the pH poisoning further metabolism: Bicarbonate combines with the protons and, in the presence of RBC281
carbonic anhydrase, is converted to water and carbon dioxide. The carbon dioxide diffuses out of the plastic282
bag preventing the back reaction. This buffer system has considerable capacity. The 200 mL of RBCs in a pint283
of blood metabolize about 5 mmol of glucose in 6 weeks at 4~and produce 10 mmol of lactate and of protons.284
The buffer capacity of the oxyhemoglobin in 200 mL of RBCs is about 13 mEq/pH unit in the range 7.2 to 6.2.285
Bicarbonate in physiologic concentrations in the additive solution creates pCO2 in the solution that drives the286
diffusion of 1 to 2 mmol of CO2 from a 600-mL PVC bag each week.287

The first additive solution was SAG, named after its constituents, saline, adenine and glucose 1,38 . It consisted288
of 1?25 mMol adenine and 5 mMol glucose in 100 ml of normal saline. The added volume decreased the storage289
haematocrit of the starting packed RBC from ? 80% to ? 55%,reducing the viscosity from 40 to 10 cps (centipoise290
= 1 millipascal second). The added glucose supplemented the 2 mMol present in a tightly packed unit of CPD291
RBC, ensuring an excess of the 3 mMol that the RBC would typically consume in 5 weeks of storage. The added292
adenine was a threefold excess of the estimated losses by deamination, so it had a mass action effect to increase293
adenylate nucleotide stores. Buffy coat-reduced RBC stored for 5 weeks in SAG had a measured 24-h in vivo294
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recovery of 83 ± 7% and the haemolysis at that time averaged 0?58 ± 0?15%. Haemolysis of RBC during storage295
was highly variable from donor to donor, and was the factor limiting storage beyond 5 weeks.296

Hogman showed that the addition of 30 mM mannitol could reduce that haemolysis by 50% and allow storage297
for an additional week. 15 Mannitol works as a free radical scavenger, but also in some sense as a membrane298
stabilizer.299

Hogman led the development of salineadenine-glucose (SAG) as a 5-week additive solution and showed that it300
preserved packed RBCs better than CPDA-1.301

Mannitol was later added to SAG to suppress haemolysis and produced SAG-M, which was licensed for302
6-week RBC’ s storage. The additive solutions AS-1 (Adsol, Baxter Healthcare, Round Lake, IL) and AS-5303
(Optisol, Terumo, Somerset, NJ), widely used in the United States, are variants of the SAG-M formulation. The304
other additive solution in use in North America is AS-3 (Nutricel, Pall, Covina, CA). It is a combination of305
saline, adenine, and glucose with citrate as a membrane stabilizer and monosodium phosphate as a stimulant to306
ATP synthesis. The solution works as well as the SAG-M variants and consistently yields 24-hour in vivo RBC307
recoveries in the range of 78% to 84% after 6 weeks of storage: It is the standard RBC storage solution in Canada.308
The citrate appears to serve the same membrane-protective function that mannitol serves in SAGM, but also309
functions as an impermeable ion that balances the osmotic pressure of small ion permeable RBCs. AS-3, like the310
other additive solutions, is associated with 78-84% recovery and 0?4% haemolysis after 6 weeks of storage All of311
the currently licensed 100-mL additive solutions (AS-1,AS-3, AS-5, and SAG-M) support component manufacture312
and leukoreduction. The mannitol, phosphate, and citrate are tolerated by premature neonates and in massive313
transfusion in trauma and liver transplantation. They typically yield RBC recoveries of 80% to 84% and 0.5%314
hemolysis at 6 weeks and even better values at the 1-to 3-week interval after donation when most RBCs are315
transfused. They are inexpensive to produce, lightweight for transport, and, with a storage hematocrit of 55%,316
easy to infuse rapidly through 14-gauge catheters in surgery.317

Additive solutions were developed to provide additional volume and nutrients for longer storage and better318
flow of packed RBCs .They function in the context of a blood collection and storage system. In a typical whole319
blood collection system, a needle is placed in an antecubital vein and drains blood into the primary collection bag320
containing an anticoagulant solution such as CPD. After blood collection is complete, the primary collection bag321
is centrifuged to sediment the RBCs, and the platelet-rich plasma is expressed for further processing. The additive322
solution is than added to packed RBC, or the packed RBC are added to the additive solution for separate storage323
as packed RBC in additive solution. This means that there is some carryover of citrate, phosphate and dextrose324
from the primary anticoagulant into the final storage mixture. Also, the final suspending solution volume and325
ingredient concentrations are determined by how much of the primary anticoagulant and plasma were expressed326
before addition of the additive solution. Finally, the number of RBC in the bag is a function of the donor327
haematocrit and the exact volume of blood collected. Thus, while an additive solution has defined components328
and concentrations, the concentrations of ingredients in the final suspending solution of RBC in additive solution329
is a function of donor characteristics and blood centre product manufacturing techniques.330

Additive solutions used in some other countries, such as Circle Pack in Australia and MAP in Japan, are like331
AS-3 in that they depend on a higher dextrose version of the primary CPD anticoagulant, called CP2D. None of332
these additive solutions appears to have significant advantages over the others.333

RBC are the most frequently transfused blood product. The efficiency of their storage determines the overall334
need for blood donors. Current 5 and 6-week RBC storage solutions have worked well, with 92% of all RBC units335
that met release criteria finding a recipient. There has been little demand from transfusion organizations for336
longer or better RBC storage. Nevertheless, there are clinical problems. Seasonal shortages of RBC occur, and337
local supplies occasionally run out. Questions about the safety of stored RBC arise and persist, most recently338
in terms of the ability of supernatants from stored RBC to cause transfusionrelated acute lung injury (TRALI)339
.There are retrospective studies in trauma patients that relate increased multiple organ failure and mortality to340
the length of storage of the RBC transfused . Clinicians also question the flow characteristics of RBC that have341
lost membrane and the oxygen-delivery capacity of cells with reduced DPG.342

The development of storage solutions (reviewed in Moore,1987 15 as in the SAG-M additive commonly used343
, or the more recent development of chloride-free additives (Högman ??5 et al., 2006) and phosphateadenine-344
glucose-guanosine-gluconate-mannitol (PAG GGM) has helped to preserve metabolic functions and reduce lipid345
peroxidation.346

The function of red cell storage is to maintain the functionality and viability of red cells throughout the347
approved storage period .The difficulty that is shared by modern storage mediums, however, is that red cell348
functionality and viability are progressively impaired during storage by three interrelated mechanisms: altered349
metabolism; increased Cold-storage of red cells at 4 +/-2 °C helps maintain red cell functionality and viability350
by reducing the red cell metabolic rate. For each one degree drop in storage temperature, there is approximately351
a 10% decrease in red cell metabolic rate, and at 4 °C, the metabolic rate is ten times lower than at 25 °C.352
As metabolic activity does not completely cease when red cells are stored, glucose or dextrose are added to353
storage mediums to allow red cells to continue glycolysis and thus produce sufficient ATP, 2,3-DPG and NADH354
to maintain adequate functionality and viability during storage. Continued glycolysis, however, results in the355
accumulation of its primary byproduct, lactic acid, in the supernatant. The resulting acidosis inhibits glycolysis356
via a negative feedback loop, which results in a progressive reduction in ATP, 2,3-DPG and NADH levels . By the357
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sixth week of storage, lactate levels in the supernatant are increased by several fold, the pH is below 6.5, the ATP358
and NADH contents are substantially reduced, and 2,3-DPG content is depleted. Reduced ATP levels impair all359
red cell metabolic activities including glycolysis itself (as ATP is needed for the initial steps of glycolysis, creating360
a vicious cycle), formation of cytosolic antioxidants (thus reducing antioxidant defences), and maintenance of361
membrane integrity (thereby reducing red cell deformability and promoting alterations in their discoid shape) .362
Although there exists a direct relationship between reduced ATP levels and red cell viability, the overall role of363
ATP depletion in the ’storage lesion’ seems to be limited. Depletion of 2,3-DPG reduces oxygen delivery, but364
levels are rapidly replenished after transfusion. The most important contribution to the storage lesion is likely365
to be the depletion of reduced NADH, which impairs the conversion of methaemoglobin back to oxyhaemoglobin366
within the red cell, thereby aggravating oxidative stress.367

Another effect of cold-storage is that it impairs the exchange of sodium and potassium across the red cell368
membrane by the sodium/potassium adenosine triphosphatase (Na+ /K+ ATPase) pump. 13,43 Under normal369
circumstances, the concentration of potassium and sodium inside the red cell are maintained at approximately 90370
mM and 5 mM, respectively, whereas outside, they are approximately 5 and 140 mM, respectively. By the sixth371
week of storage, red cell potassium content is decreased by about 40% and sodium content is increased by about372
300%. At the same time, the potassium content in the supernatant of the stored units is markedly increased,373
which may lead to hyperkalemia after transfusion. Increased intracellular sodium content affects cell volume and374
shape, such that the mean corpuscular volume of stored red cells is increased after 3 weeks of storage. This effect375
is more pronounced in older red cells, impairing their deformability and viability.376

During storage, RBCs lose potassium, DPG, ATP stores, lipids and membrane, while becoming more rigid377
and demonstrating reduced oxygen off-loading. Stored units become more acidotic and the suspending fluid378
has higher concentrations of free haemoglobin and biologically active lipids, and contains greater quantities of379
negatively charged micro vesicles with proinflammatory and procoagulant activity. 95 The fraction of stored RBC380
that circulates when re infused decreases with the duration of storage in each of the liquid storage systems. These381
changes occurring with storage are collectively known as the RBC storage lesion. Some, such as the potassium382
loss, are recognized to be secondary to the changes in metabolic activity with cooling. Others, like the loss383
of DPG and reduced glycolytic activity, are related to decreasing pH. RBCs have an intrinsic program of cell384
death that is held in check by normal concentrations of RBC ATP. Normal ATP concentrations are necessary385
to prevent calciuminduced membrane loss by microvesiculation and for active transport of negatively charged386
phospholipids, specifically phosphotidyl serine, from the outer to the inner surface of the RBC membrane to387
prevent RBC clearance from the circulation by macrophages.388

There are 2 major kinds of RBC-storage studies. One group, usually called in vitro studies, is composed of389
those in which the RBCs are stored and studied periodically using biochemical and morphologic measures. In390
the other group, in vivo studies, all or a portion of the RBCs are infused into volunteers for measuring RBC391
recovery or survival. This difference between in vitro and in vivo studies is important because each has important392
strengths but also practical limits and sources of error.393

The appropriate sequential use of these studies dates to the first RBC-storage studies, which were published394
by Rous and Turner in 1916. 2 In the first of the back-to-back articles, they described how rabbit RBCs could be395
stored in a citrate and dextrose solution for 4 weeks with minimal hemolysis. In the second, they showed that these396
stored RBCs could be infused back into the donor rabbits with a sustained increment in the hematocrit that could397
not be explained by a concomitant reticulocytosis and was not associated with bilirubinuria. These two simple398
but elegant studies provided the scientific basis for Robertson’s successful use of stored human blood a year later.399
In vitro studies typically precede in vivo studies. Human-use committees recognize that drawing blood for an ex400
vivo study, even in 500-mL amounts, is associated with minimal risk to the donors when conventional blood bank401
standards and procedures are followed. On the other hand, reinfusion of stored blood exposes recipients to the402
risks of novel solution ingredients, unexpected contaminants, blood breakdown products, and RBC radionuclide403
labels, as well as the infectious and hemolytic risks of transfusion. Thus, in vivo studies are of greater than404
minimal risk and require scientific, medical, and radiation physics oversight.405

In vitro studies, because of their safety and lower expense, serve both as scientific test beds for ideas about406
improving storage and as demonstrations of process safety by showing that the methods used do not lead to RBC407
breakdown or contamination. In vitro studies of RBC storage are complicated because drawing a unit of blood408
from each of several volunteers does not create uniform material for study. The RBC fraction of donor blood409
varies from 38% to 50 % or more so that the volume of RBCs in a donated unit may vary by 60 mL. With higher410
RBC concentrations, nutrients are consumed, and waste products accumulate sooner. The metabolic rates of411
RBCs vary considerably from donor to donor, and the propensity of RBCs to haemolyse under storage conditions412
varies even more. Allocating blood from a single donor into smaller storage containers raises the question of how413
well the conditions in the small containers mimic those in conventional storage systems. Collecting large numbers414
of units in the hope of statistical averaging rapidly becomes unwieldy.415

Performing long-term in vitro RBC-storage studies requires sampling the cells and suspending fluid during416
storage, making measurements, and comparing those measures to some standard. Closed plastic bags can be417
sampled by sterile tube splicing to attach sample pouches or by equivalent procedures. Measures of many RBC418
analytes are automated, but measures of ATP and 2,3-DPG concentrations, haemolysis, and RBC morphology419
are not. These measures require technical proficiency. The only absolute standard for in vitro storage studies is420
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that the percentage of RBC that haemolyse during storage should be less than the upper limit set by regulatory421
agencies for product licensure, 1% in the United States and 0.8% in Europe. The rule of thumb that the RBC422
ATP concentration should exceed 2/xmol/g Hb is probably necessary to predict good in vivo recovery but does423
not ensure it. In vivo studies have the advantage of clear standards.424

In 1984, the American Association of Blood Banks sponsored a working party that published methods for425
measuring RBC recovery and survival using 51-Cr as a radioactive label. Regulatory agencies, such as the US426
Food and Drug Administration, have a history of requesting studies of a certain size for product licensure. It is427
unlikely that these agencies will license products in the future that work less well or are tested less rigorously428
than those already approved. Thus, the standards that at least 75% of stored RBCs must circulate for at least429
24 hours after reinfusion and that hemolysis should be less than 1% should be viewed as minimums.430

In vivo studies have the disadvantages of the need for a stable population of volunteers, the large variability431
in the tolerance for storage of RBC from different individuals, and the errors intrinsic to the measurement of432
RBC recovery using radioactive labeling. Stable populations of volunteers are necessary because the time from433
recruitment to the end of survival measurements in a single-arm study can be 4 to 6 months or more. A 2-434
armed crossover study with a radiation washout period can take a year. If laboratory errors or accidents occur,435
such as the breaking of a blood bag or failure of a volunteer’s participation, a portion of a study may be lost.436
Schedules are critical. Once the blood is drawn, a 70-day storage study needs to have the blood reinfused and437
post reinfusion samples drawn on specific dates. Social emergencies for staff and volunteers occur. Natural438
emergencies, including hurricanes, blizzards, and earthquakes, are uncommon but occur frequently enough to439
disrupt RBC-storage studies that are continuing over a period of years. Losing volunteers is serious because in440
any modestsized cohort, a few volunteers will have RBC that store poorly.441

These differences may be related to inosine triphosphate pyrophosphohydrolase deficiency or other genetic442
polymorphisms. The difference between RBC recovery in individuals whose RBCs store well and those whose443
cells store poorly are typically of the order of 90% versus 60%, with a range in the fraction of cells lost that is444
typically 400%. The distribution is skewed to the upper end, and only a few individuals’ RBCs have recovery445
percentages toward the lower end of the range. Because these individuals are not recognized beforehand, their loss446
or overrepresentation in a diminished volunteer cohort can lead to falsely rejecting a useful solution or accepting447
a bad solution and possibly years of additional work. Finally, the actual measurements of 24-hour in vivo RBC448
recovery are only accurate to within a few percentage points. The errors come from volumetric errors in small449
fluid sample handling, errors in estimation of the RBC fraction using the micro hematocrit method, and Poisson450
errors in radiation counting. The error in an individual measure of RBC recovery is thus of the order of 3% to451
4%.452

Even before the recognition of programmed cell death pathways in erythrocytes, Meryman 15 and colleagues453
had shown that RBC could be stored for many months in solutions that maintained their ATP concentrations.454
These findings meant that the limited shelf life of conventionally stored RBC was a result of the conditions of455
storage, not an intrinsic limit imposed by the cells. Hogman 15 and colleagues showed that rejuvenation of456
ATP concentrations at the end of conventional storage, by restoring pH and adenylate stores, improved in vivo457
recovery, reducing the number of cells that failed to circulate by > 50%. Thus, the removal of cells from the458
circulation did not mean that the cells had died, just that they were reversibly marked for removal from the459
circulation.460

In 1999, Hogman & Meryman 15 reviewed the many factors affecting RBC storage and posttransfusion survival461
and function. Information on more esoteric aspects of storage, such as the intermingled effects of hypo tonicity462
and low chloride concentration, can be found in their publication. However, rather than correcting the storage463
lesion after it had occurred, it appeared to be more useful to maintain the ATP concentration and try to prevent464
the loss of membrane and viability during storage. Several groups tried to increase the duration of storage by465
forcing ATP production.466

Walker and colleagues added pathway of glycolysis, in an additive solution called PAGGS-M (phosphate,467
adenine, glucose, guanosine, saline, and mannitol).It provided 7 weeks of RBC storage with a recovery of 74%.468
Hogman and colleagues tried to increase the storage pH by reducing the amount of CPD anticoagulant and using469
a neutral additive solution with the glucose autoclaved in a separate pouch. 15 This 1/2CPD/ErythroSol could470
store RBC for 7 weeks with 78% recovery. The solution was commercialized as ErythoSol by Baxter Healthcare471
in Europe and licensed on the basis of a small clinical trial that showed 78% recovery after 7 weeks of storage.472
To allow terminal sterilization by autoclaving, they separated the phosphate from the glucose into different parts473
of the bag assembly.474

Greenwalt and colleagues developed an increased-volume alkaline additive solution that led to higher475
concentrations of ATP for longer periods during storage and showed that RBC in vivo recovery could be extended476
to 8 weeks with membrane loss reduced 44 .477

Walker et al, sought to improve storage with additional nutrient support. They added guanine and phosphate478
to SAG-M to make PAGGS-mannitol, which was commercialized by Maco Pharma in Europe. 88 Babcock and479
colleagues showed that the hypotonic solution failed to produce better in vivo recoveries than the hypertonic AS-480
3. More importantly, the studies showed that leukoreduction reduced hemolysis during storage, a finding that481
had been reported before. The measured effect was a 50% reduction in hemolysis even though the leukoreduced482
cells were stored for 8 weeks and the controls for 6 weeks. At the same time, Greenwalt and colleagues conducted483
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a study of a 200-mL additive solution containing glycerol that yielded 73% recovery after 9 weeks of storage484
compared with 60% recovery in AS-1 split-sample controls (n = 7). The high concentrations of glycerol would485
probably render the solution unsafe in massive transfusion situations, but the suggestion that RBC might be486
stored for 8 weeks was tantalizing. 11 Hess & Greenwalt then conducted a systematic exploration of storage487
conditions that maximized RBC ATP content while minimizing haemolysis and membrane loss. 11 As part of488
the plan of development, these additive solutions contained only ingredients that were already approved for blood489
storage or largevolume parenteral use. They determined the guanosine as a source of ribose, in an attempt to490
drive the distal Embden-Meyerhof pathway of glycolysis, in an additive solution called PAGGS-M (phosphate,491
adenine, glucose, guanosine, saline, and mannitol). It provided 7 weeks of RBC storage with a recovery of 74%.492

They determined the effects of additive solution pH and volume, and of phosphate, sodium, chloride and493
mannitol concentrations. Glycolysis slows as pH falls. Collecting whole blood into acidic CPD normally reduces494
its pH from ? 7?35 to ? 7?1. Adding an acidic additive solution reduces the pH further, to ? 7?0. However,495
if the pH of the additive solution is raised to 8?5 by adding disodium phosphate, then the resulting pH of the496
RBC suspending fluid can be raised to ? 7?2 at the beginning of storage. However, if the pH is raised above497
7?2, then DPG is produced and consumes all of the intracellular phosphate, leading to a decrease in the ATP498
content that limits storage time and RBC quality. A pH of 7?2 at the beginning of storage means that ATP499
production exceeds its use for several weeks, leading to increased content. As pH decreases and metabolism slows,500
RBC ATP concentrations reach a maximum higher and later than usual, resulting in a longer time that the ATP501
concentration exceeds the critical values that are necessary to suppress microvesiculation and phosphotidyl serine502
exposure.503

Several recent publications describe high pH storage solutions that preserve DPG content for many weeks. ATP504
concentrations are reduced with some of these solutions because the pH is too high, but Hogman and colleagues505
have found the point where DPG is maintained and ATP is synthesized in excess of immediate use. Normally,506
the storage life of RBC is determined by the length of time it takes the cells to produce enough lactic acid and507
protons to reduce the pH to 6?5 where low ATP production no longer supports cell viability. This time is largely508
determined by the rate of production of protons and the buffer capacity of the suspension. This buffer capacity509
can be increased by adding sodium bicarbonate to the additive solution. In solution, bicarbonate combines with510
a proton to produce carbonic acid, which is converted to Carbon dioxide and water by RBC carbonic anhydrase.511
The CO 2 then diffuses out through the plastic bag, effectively removing protons from the solution and slowing512
the rate of pH fall. The combination of using alkaline additive solutions and bicarbonate buffering can effectively513
double the metabolic capacity of the storage system and allow RBC to be stored for longer and under better514
conditions. The historical requirement to acidify blood storage solutions so that glucose does not caramelize,515
can be by-passed by separating the sugar from the alkaline ingredients in different parts of the bloodcollection516
set. These developments mean that RBC can be stored for longer and under better conditions. Longer duration517
of storage will reduce losses from outdating and improve the efficiency of autologous blood collection. Better518
storage conditions means better cell flow characteristics from reduced membrane loss and improved efficacy from519
better in vivo recovery at all times during storage. Eight-and perhaps 9-week storage should cost no more than520
storage for RBC units at present, but will provide increased utility for general care and emergencies. Under a521
variety of storage conditions, RBC metabolism starts briskly and slows as pH falls. As a general observation, the522
lower limit of pH for RBC storage is about 6.2, when it is measured at 37~as estimated from the asymptote of523
the pH curve of many samples of stored blood stored in a variety of systems.524

Wallas CH, in 1979, reported that storage of red cells for three weeks at 4 degrees centigrade under blood525
bank conditions resulted in a rise in intracellular Na+ and a fall in intracellular K+ with concomitant opposite526
changes in Na+ and K+ levels in the suspending plasma. A decline in red blood cell ATP during the storage527
period did not appear to be contributing to the changes. Increasing red blood cell ATP to levels 2 to 3 times528
normal did not prevent the cation changes from occurring 1 .529

During refrigerated storage of RBC units, RBCs undergo progressive biochemical and morphological changes,530
referred to as the RBC storage lesion, as mentioned earlier. Many of the changes are the consequence of oxidative531
stress, leading to the generation of reactive oxygen species, altered proteins and lipids, loss of membrane and532
cell constituents in the form of shed micro particles, changes to the RBC cytoskeleton resulting in RBC shape533
change and increased cell rigidity. These changes share some features of normal RBC aging and/or apoptosis, as534
well as changes seen in certain diseases that affect RBCs, including Thalassemia, sickle cell anaemia and malaria.535
However, a notable difference is that, unlike in vivo circulating RBCs, stored RBCs are also exposed to the536
cell debris that accumulates in the suspension fluid (supernatant) during storage, which may contain reactive537
constituents, such as denatured, aggregated or oxidised proteins and lipids.538

Beutler and West C in 1983, studied storage of red cell concentrates for 42 and 49 days.CPD-A2 is a modified539
CPD blood preservative with adenine, containing 1 1/2 times as much glucose as CPD. Units (450 ml) of blood540
from 21 normal donors were collected in CPD-A2 in plastic bags and held at room temperature for 8 hr. An541
80%red cell concentrate was prepared and this was stored for 42 or 49 days at 4 degrees C, with the containers542
in either a standing or lying position. Measurements of glucose consumption, red cell ATP, and 2,3-DPG and of543
plasma haemoglobin, pH, Na+, and K+ were performed on all samples. After 42 days but not after 49 days of544
storage, red cells in concentrates stored in the lying position had consumed more glucose and had a higher post545
storage pH than did cells stored in the standing position. The post storage 24 hr viability of red cells stored546
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for 42 days averaged 83.6%, with all units exceeding 70% viability. At 49 days the average viability was 69.1%.547
Although the average viability of cells stored in the lying position for 42 days was higher than that of concentrates548
stored standing, the difference was not statistically significant at the 5% level. The plasma haemoglobin level549
showed a weak correlation with viability of stored cells. Red cell ATP levels were correlated with viability only550
at 42 days and not at 49 days storage. Concentrates of red cell collected in CPD-A2 manifested fully satisfactory551
viability for 42 days. At 49 days storage the results of viability studies were borderline. High plasma haemoglobin552
values are observed at both 42 and 49 days’ storage and may limit the usefulness of red cell concentrates stored for553
prolonged periods of time. 17 Hess JR reviewed, that better RBC storage can prevent membrane loss and preserve554
the secretion of adenosine 5’-triphosphate (ATP) in response to deformation 11 . Better RBC storage may also555
reduce the formation of pro inflammatory membrane breakdown products that lead to transfusion-related acute556
lung injury and the systemic inflammatory response syndrome. To improve RBC storage, it was attempted to557
maximize the production of ATP by the manipulation of pH and to minimize membrane loss through the use558
of membrane protectants and the manipulation of tonicity. Increasing the initial storage pH led to successively559
higher RBC ATP concentrations until pH 7.2 was reached, when the synthesis of 2,3-diphophoglycerate was560
initiated at the expense of ATP. Synthesis of ATP could be maintained by buffering the fall of pH with increased561
storage solution volume or the addition of bicarbonate. Maintaining RBC ATP turns out to be an important way562
of preventing membrane microvesiculation or blebbing, as does the manipulation of tonicity and the addition of563
mannitol. It is possible to store RBC in experimental additive solutions containing only saline, adenine, glucose,564
mannitol, sodium bicarbonate, and disodium phosphate for 11 weeks or longer with little loss of membrane and565
high in vivo recovery.566

As observed by Heaton et al 31 and later by Sawant 32 there are many variables in the preparation of blood567
components influencing the final quality. These include the duration and force of centrifugation, the separation568
procedure, the configuration of blood bag sets and composition of anticoagulants and storage solutions. Therefore569
there is no doubt that blood components from different manufacturers differ in parameters that characterize their570
quality. An extractable plasticizer like DEHP improves RBC storage by reducing hemolysis and membrane loss571
by microvesicles.572

In a study conducted by Mukherjee S et al at Postgraduate Institute of Medical Science and Research,573
Chandigarh 33 , Twenty five units each of whole blood (CPDA-1 RBC, SAGM RBC) were selected for574
serial biochemical parameter assessment after each fulfilled the quality criteria of volume and haematocrit.575
These units were tested serially for supernatant potassium, pH, lactate, haemoglobin, glucose and red cell 2,3576
diphosphoglycerate (2,3 DPG) up to 21 days of storage.577

Within each group of RBC, rise in mean concentration of potassium, lactate and plasma haemoglobin from578
day 1 to 21 of storage was significant in CPDA-1 RBC having the highest levels at day 21. From day 3 to579
21, SAGM RBC had higher mean pH value than CPDA-1 RBC though this difference was not statistically580
significant. SAGM RBC had highest mean glucose concentration during storage than other two types of red cell581
preparations (P<0.005). Within each group, fall in mean 2,3 DPG concentration from day 1 to 7 was significant582
(P<0.05). A positive correlation existed between mean plasma potassium and haemoglobin in all three types583
of red cells (r=0.726, 0.419, 0.605 for CPDA-1 RBC, SAGM RBC and whole blood respectively, P<0.005) The584
main concerns for stored RBCs are ex vivo storage lesions that undermine red cell functions and may affect the585
metabolic status of the in vivo milieu of the neonatal recipients. Additional possible risks are also from the586
additives like glucose, mannitol which are present in red cells in large amount. However, when repeated top up587
transfusions are required, each fresh unit increases the donor exposure for neonate and its subsequent risks of588
developing transfusion transmitted diseases. In the present study significant rise in supernatant K + was seen in589
the three RBC preparations on storage similar to other studies.590

In a study by ??trauss 40 , the supernatant plasma level after 42 days of RBC storage in additive solution rose591
to 50 meq/litre. However, the actual dose of bio available K + transfused (ionic K + in the volume of extracellular592
fluid) during small volume transfusion is very low. It has been estimated that the K + concentration of CPDA-1593
RBC at haematocrit of 70 per cent at 35 days of storage (permitted shelf life) will be around 70-80 meq/litre.594
The transfusion dose in a neonate is 15 ml/kg and in a one kg neonate only 0.3 to 0.4 meq K + will be infused.595
This dose is even smaller than the usual daily requirement of 2-3 meq/kg. However, this rationale will not apply596
to large volume transfusions (>25 ml/kg) such as for exchange transfusions.597

As expected, there was a significant positive correlation between plasma K + and haemoglobin levels in all598
the three RBC preparations and was in agreement with earlier studies. The plasma haemoglobin values were599
higher in CPDA-1 RBC as compared to leukoreduced SAGM RBC. Possible explanation for less hemolysis in600
SAGM RBC was due to presence of membrane stabilizers such as mannitol or citrate in the additive solutions.601
The degree of haemolysis was well below 0.8 per cent, the permissible value at the end of shelf life of all RBC602
preparations.603

Glucose is the main source of energy for red cell metabolism via glycolytic pathway. In blood bags the glucose604
concentration is limited and as glucose is utilized, there is a concomitant ATP (adenosine triphosphate) depletion605
and decrease in red cell viability. As observed by Mukherjee et al, a fall in glucose on storage is there in all the606
three RBC preparations, but SAGM RBC had significantly higher glucose concentration than whole blood. The607
highest glucose concentration in SAGM RBC was due to additional 900 mg dextrose present in 100 ml of additive608
solution. This helps to prolong the shelf life of RBCs by ATP generation through glycolytic pathway.609
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Lactate, the end product of anaerobic metabolism of red cells increases during storage. The glucose utilization610
and lactate production were negatively correlated in all the red cell preparations with CPDA-1 RBC having611
highest lactate concentration on day 21. Possible explanation may be due to less quantity of adenine and other612
nutrients present in CPDA-1 RBCs for ATP generation as compared to SAGM RBC or whole blood. pH is an613
important marker of RBC metabolism during storage which slows as pH falls. A mathematical deduction of the614
pH curve of many samples of stored blood in various storage solutions revealed a lower limit of pH 6.2 below615
which RBCs had decreased ATP generation. Though ATP measurement was not done in the study, by day 21,616
CPDA-1 RBC, SAGM RBC and whole blood mean pH was above the lower limit of pH threshold of 6.2, thus617
ATP generation would most likely be persisting in all the red cell preparations.618

Beutler ?? 7 found 2,3 DPG to be totally depleted from RBCs by 21 days of storage. Although the levels619
decline during storage, they increase rapidly after transfusion in the recipient. This regeneration of 2,3 DPG620
is also supported by a study which observed that red cells stored for 3 wk were as efficacious as erythrocytes621
of 3.5 h of storage in reversing neurocognitive deficit of acute anemia 17 . The p50 of transfused adult RBCs622
increases rapidly as compared to low p50 values of preterm infant’s endogenous red cells due to high foetal623
Hb concentration. Moreover, cord blood has undetectable 2,3 DPG level which along with high foetal Hb624
concentration cause difficulty in offloading oxygen to the tissues. Thus, transfusing the stored adult RBCs to625
preterm infants still has an advantage over endogenously produced infant’s own RBCs.626

The three red cell preparations tested revealed changes within acceptable limits of safety till 21 days of storage.627
Though, whole blood had least biochemical alterations followed by SAGM RBC, but for transfusing the same628
amount of blood (15 ml/kg) for correcting anaemia, CPDA-1 or SAGM RBC are preferred over whole blood629
because of higher post-transfusion haemoglobin increment by RBCs as compared to whole blood.630

Additional benefits like pre-storage leucoreduction and better inventory management are possible with631
RBC preparations and various adverse effects of fresh whole blood, both immunological and cytomegalovirus632
transmission can be minimized. Though, CPDA-1 RBCs had highest degree of alterations, these changes need633
to be considered in light of their effect on neonatal top-up transfusions.634

White blood cells collected with whole blood break down in the cold, releasing proteases and lipases that635
damage RBC during storage. White blood cell removal (i.e. leucoreduction), by buffy coat removal or636
leucofiltration, can prevent this damage and improve RBC recovery and reduce haemolysis. Studies done where637
RBC recovery was compared directly between leucoreduced and non-leucoreduced RBC stored in the same system,638
leucoreduction increased RBC recovery by 4% and reduced haemolysis from about 0?40% to 0?25% at 6 weeks.639
Leucoreduction is now universally practiced in several European countries and Canada, and is widely used in640
the USA. While leucoreduction is justified by its contributions to blood safety, its contribution to blood efficacy,641
through improved RBC recovery for every patient, is also important.642

Leucocytes found in red blood cellular allogeneic products are seldom of therapeutic benefit to the patient but643
are known to escalate the rate of cellular damage and to cause adverse transfusion reactions in recipients.644

These adverse reactions include alloimmunization to human leucocyte antigens (HLA), nonhaemolytic febrile645
transfusion reaction (NHFTR), transfusion-associated lung injury (TRALI), and immunomodulatory effects646
which include possible postoperation infection, postoperative mortality, or cancer recurrence 41,42 Leucocytes647
may also be regarded as the vector of infectious pathogens for instance Epstein Barr virus, cytomegalovirus and648
human T-lymphotropic virus I/II. It has been established that B-lymphocytes are vectors for the prions causing649
variant Creutzfeldt-Jakob disease. It has been reported that using leukocyte reduced RBC reduces the incidence650
of multi organ failure in patients having vascular or oncological surgery and decreases hospital stay by 2, 4 days651
as well as mortality in patients having gastrointestinal oncology surgery. The average reduction of 2, 4 days per652
patient would significantly cut costs of a national hospital. British haemovigilance evidence demonstrates that653
using filtered RBC components reduce the frequency of transfusionassociated graft versus host disease.654

It should be noted, however, that only using leucoreduced RBC to prevent TA-GvHD is not recommended as655
the RBC used for transfusion should be filtered and irradiated to prevent this serious and often fatal disease.656

According to the Matzinger’s ’danger’ theory, 96 normal autologous leucocytes alone are unable to stimulate657
their own immune system. However humoral factors accumulated during blood storage may provoke inflam-658
matory/immunomodulatory effects, even if they are autologous. Against this background, Tasaki T and Ohto659
H carried out a study to clarify the significance of pre-storage leucoreduction for autologous blood, especially660
in terms of cytokine movement 75 . No differences were observed in postoperative inflammatory responses or661
infection rates, persuading us that these measures are clinically unnecessary for autologous blood. However, this662
result does not deny the transfusion-related immunomodulation (TRIM) effect, as not all factors associated with663
TRIM are removed by this method, and the mechanism would be more complex in allogeneic blood.664

According to the ’danger’ theory, the ’foreignness ’of a pathogen is not the important feature that triggers an665
immune response, which is more connected with danger/alarm signals from injured cells, such as those exposed666
to pathogens, toxins, medical damage and so forth. Clinical consequences such as enhanced survival of renal667
allografts suggest that TRIM does exist. But the clinical effect following allogeneic blood transfusion may differ,668
because the ability to induce alarm signals from stressed or injured tissue differs among stimulators. Nevertheless,669
autologous or leucoreduced blood would be desirable for blood transfusion in order to prevent TRIM induced by670
allogenic blood.671

The filters used for leucocyte depletion are readily available and filtration of RBCC may be prepared at the672
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patient’s bedside during transfusion, before storage (in-line filtration) or after the buffy-coat layer and plasma673
have been removed (prestorage or 24-hour expiry product). Leucocyte depletion by filtration is best performed in674
the processing laboratory of the transfusion services as this maintains better quality assurance. It is advisable to675
filter the blood soon after collection and/or processing as granulocytes fragment and degranulate during storage,676
which may cause a NHFTR or the antigen-presenting cells presenting major histocompatibility complex (MHC)677
classes I and II antigens, leading to alloimmunization. It has been reported that leukocyte antibodies associated678
with TRALI are possibly targeted at HLA antigens (class II) and neutrophil alloantigens. In antibody-mediated679
TRALI, the antibody causing TRALI in a patient is usually recognised in multiparous female donors, but these680
donors cannot be excluded as this would reduce the donor-pool substantially .The FDA recommends that a681
filtered unit of blood contains less than 5 × 10 6 of white blood cells (WBC) and a retention of approximately682
85% of the original RBC. Patients are stimulated to produce antibodies against the transfused histocompatibility683
antigens when the WBC exceed the 5-log count and thus to prevent primary alloimmunization, the FDA has684
stipulated this rule. They also suggest that quality control testing be done on 1% of filtered units, of which 100%685
should not have more than 5 × 10 6 WBC .686

Bedside filtration should be the last option to use as adequate quality control procedures cannot be completed687
on bedside leucocyte reduction filters. Bedside filtration requires a slow flow rate which reduces the filter688
performance. The filters that are currently used in most blood transfusion establishments provide a 3-log leucocyte689
depletion.690

Leukoreduction, which was introduced in the UK in the late 1990s, primarily to reduce the transmission691
of viruses, decreased hemolysis as observed by Williamson et al.,1999 and the oxidative damage and calcium-692
related stress of stored RBCs 28 . Nonetheless, stored RBCs still deteriorate during storage in ways that are693
not fully understood 29 and this ”storage lesion” has been implicated in the poor outcome, post-transfusion,694
of certain categories of patients studied by Wang et al 29 . Prestorage leucoreduction has been shown to695
improve the quality of stored blood components. By removing leucocytes before they can disintegrate, the696
release of enzymes, cytokines and intracellular components is strongly diminished, as is the generation of leucocyte697
fragments. Consequently, and according to experimental and clinical data, removing white blood cells (WBC)698
prior to storage may reduce the incidence of non-haemolytic febrile transfusion reactions, human leucocyte antigen699
(HLA) alloimmunization, refractoriness to platelet transfusion and the transmission of infectious agents.700

The potential harm during storage includes scavengers of nitric oxide (NO) and inhibitors of NO generation701
that may result in lack of vascular relaxation (eg, hemoglobin, both free and in microparticles, 14 alterations702
in RBCs themselves, 15 and asymmetric dimethylarginine that may inhibit NO synthase 16 ;microparticles703
and RBCs themselves that may have procoagulant effects [18][19][20][21] and/or other effects on innate and/or704
adaptive immunity and also physiology. 22,23 The free and nontransferrin bound iron that may promote growth705
of siderophilic bacteria and clearance of damaged RBCs that may result in activation of innate immunity 27,31706
. There is the generation of bioactive lipids that prime neutrophils and may contribute to transfusion-related707
acute lung injury, 32,34 and cytokines and chemokines, especially in units that are not filter leukoreduced.708

M. Wadhwa 34 has studied the effects of elevated levels of proinflammatory cytokines in the plasma of stored709
cellular blood components that may be responsible for some transfusion reactions noted in recipients of these710
components 42 . Little information is available on the role of residual leucocytes and/or platelets on accumulation711
of cytokines in stored red cell products prepared by different conventional methods. Some reports have highlighted712
the accumulation of leucocyte derived cytokines in stored RCCs but none so far has focused on the role of platelet713
derived cytokines in RCCs since platelets are present in abundance in some red cell products. In the study, they714
have therefore quantified cytokines of both leukocyte and platelet origin in RCCs prepared by two different715
procedures and examined the effectiveness of pre storage and post storage filtration strategies in reducing the716
generation of cytokines in supernatants of stored concentrates. There is a progressive increase of IL-8 in the717
supernatant plasma of stored plasma reduced Red Cell Concentrates.718

Stack et al, in 1995, showed higher IL-8 levels ranging from 63 to 1610 pg/ml in day 42 AS-1 red cell units.719
In contrast, lower levels of 0±280 pg/ml of IL-8 at days 2 and 3 of storage were detected in the same units. In720
another study, Shanwell et al,1997, described low level generation of IL-1b, IL-6, IL-8 and TNF-a in stored RCCs.721
Storage of red cell units at 4°C rather than 22°C as used for platelet concentrates may account for the reduced722
cytokine generation noted with RCCs. In addition to IL-8, RANTES and TGF-b1 were detected in plasma723
reduced RCCs 98 . These cytokines are mainly stored within the cytoplasmic alpha granules of platelets and724
may be released during the preparation and storage of these concentrates. Indeed, the levels of these cytokines725
were lower early during storage than the later storage phase of plasma reduced Red cell concentrates. As for726
platelet concentrates, leukocyte reduction by filtration prior to storage prevented cytokine generation in red cell727
units. Filtration prevented not only accumulation of IL-8 but also of RANTES and TGF-b1. This is because728
filtration also reduced the platelet content of the plasma reduced red cell units. In addition, pre-storage filtration729
appeared to be better than post storage filtration. Rot A, in 1992, studied that RANTES is mainly a monocyte730
chemoattractant but can also attract various T-cell subtypes. Moreover, RANTES can chemoattract eosinophils731
and cause them to degranulate, and also chemoattract basophils and induce histamine release. 12,97 These732
activities suggest that RANTES may have a role in inflammation and transfusion reactions. In addition to733
RANTES, TGF-b1 is also present in plasma reduced RCCs. Previously, high amounts of this cytokine have734
been detected in patients following platelet transfusion. In the in vivo context however, it is difficult to predict735
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the role of TGF-b1 as it can function in a stimulatory or inhibitory capacity depending on the target cell736
type (resting/activated state) and the immediate extracellular milieu. Within an inflammatory site, TGF-b can737
chemo attract, recruit and/or activate immature leukocytes, induce secretion of several inflammatory mediators738
from monocytes(e.g., IL-1, IL-6, TGF-b itself, prostaglandins) and consequently trigger or even possibly amplify739
inflammatory responses. In contrast, TGF-b can inhibit activated monocytes, activated T-cells and impair740
cytokine synthesis and related functions. Additionally, TGF-b can inhibit the generation of cytotoxic T-cells,741
lymphokine activated killer cell activity, natural killer cell activity, proliferation and differentiation of B-cells and742
also the expansion and functional responses of haemopietic cells. Some cytokines, such as TGF-b, may mediate743
at least some of the adverse effects of red cell transfusions either by acting by themselves or by inducing their own744
secretion and/or that of other cytokines from different target cell types or in synergy with other cytokines to cause745
amplification of biological events relevant to the manifestation of adverse clinical events. The effects of transfusing746
cytokine contaminated blood components may vary depending on the biological activities of the cytokine(s), the747
frequency and/or dosage and also the clinical state of the recipient(s). The amounts of cytokines incapable of748
causing adverse effects in healthy individuals may, in some instances, trigger reactions in patients whose immune749
system is affected by the underlying disease, immunosuppressive therapy and other factors. Wadhwa et al have750
studied that the buffy coat depleted method seems to be better as it results in a low cytokine content because of751
depleting RCCs of both residual plasma and leucocyte/platelet content relative to plasma reduced method. Pre752
storage red cell filtration which removes both leucocytes and platelets appears to be a good strategy in terms753
of reducing cytokine levels in stored RCCs. In general, therefore, as cytokines elicit immunoregulatory and/or754
inflammatory responses, the best strategy should be to prevent their accumulation in blood components. The755
importance of these in vitro findings can only be substantiated by data obtained from large clinical trials in756
well-defined cohort(s) of patients in which RCCs produced by depletion of buffy-coat are compared with RCCs757
prepared by pre storage filtration of Red cell concentrates.758

Numerous studies have aimed to resolve the controversy around the presumed deleterious effects of stored blood759
on patient outcome. Most have focused on four patient populations: critical care patients, trauma patients,760
cardiac surgery patients, and neonates, and with the exception of the extremely ambitious study in neonates761
described later (the ARIPI trial), the majority of these studies have critical flaws. Most reports are small size762
(underpowered), single-centre, and retrospective. In many, no adjustments for confounding parameters were763
performed, arbitrary thresholds for fresh versus aged RBCs were used, and/or subjects were transfused with764
units of mixed storage times (for both control and study groups). Also, different storage media were used, there765
is no documentation of transfusion protocol, and various outcomes or endpoints have been evaluated.766

4 a) Intensive care unit patients767

Despite recent improvements in the policy of RBC transfusion to intensive care unit (ICU) patients, the prevalence768
of RBC administration to this patient population remains significant. For example, a Scottish prospective study769
found that as many as 40% of patients admitted to ICU was transfused, with a haemoglobin threshold of 7.8 g770
dl ?1 in the absence of haemorrhage. 44 Moreover, critical care patients are more likely to develop complications771
resulting from RBC transfusion as a result of their inflammatory state, impaired tissue oxygen demand-supply772
status, and perturbations of their microcirculation. It is, therefore, not surprising that intensive care patients773
were the first group to be evaluated regarding effects of RBC storage time on oxygen delivery and outcome.774

One of the earliest reports suggesting a possible correlation between RBC storage age and mortality involved775
31 patients admitted to a single ICU during 1992 with a diagnosis of severe sepsis. 46 The authors retrospectively776
examined risk factors for increased mortality by comparing the clinical characteristics of the 12 survivors with777
the 19 nonsurvivors. The data confirmed that the mean age of transfused RBCs was the only parameter to778
influence the relative risk of mortality. This study, however, did not adjust for confounding factors. Another779
early study from that decade, which was a prospective, controlled study enrolling 23 critically ill, mechanically780
ventilated patients, attempted to evaluate the effect of stored RBCs on oxygen uptake, and availability to the781
splanchnic bed. It demonstrated that 3 units of stored RBCs failed to raise systemic oxygen uptake as measured782
by indirect calorimetry. 47,48 Moreover, the investigators found a decrease in splanchnic oxygen availability783
that correlated with the age of the stored RBC units, that is, administration of older units reduced gastric784
intramucosal pH. The authors concluded that stored RBC administration not only failed in its main role of785
increasing oxygen delivery, but rather augmented endorgan ischaemia. A study on neurosurgical intensive care786
patients that enrolled 102 traumatic brain injury patients reported that unlike fresh RBCs, stored RBCs stored787
>19 days did not increase brain oxygenation. A recent, noteworthy multi-centre, prospective observational study788
enrolled 757 intensive care patients from 47 Australian and New Zealand ICUs. In this study, patients received789
a mix of RBC units of different ages, and the analysis used the age of the oldest RBC unit administered as790
representative of age of RBCs transfused for statistical assessment of effect. Accordingly, the data showed a791
significant increase in ICU length of stay and in-hospital mortality in patients receiving old RBCs (median age792
17.6 days, range 12.9-24.0) compared with fresher RBCs (median age 7.5 days, range 5.7-9.0). This effect was793
seen after adjustment for several confounding factors, including severity of illness (APACHE III score), number794
of transfusions, fresh-frozen plasma and platelet transfusions, leucodepletion status, pre-ICU transfusions, pre-795
transfusion haemoglobin concentration, and cardiac surgery. 50 Several other studies were not conclusive or796
failed to demonstrate a significant deleterious effect of old blood on oxygenation and flow parameters. In a797
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prospective, single-centre, observational study conducted in 35 patients with severe sepsis and septic shock, Sakr798
and colleagues did not find any impact of storage time on sublingual microvascular perfusion. In neurosurgical799
ICU patients, Smith and colleagues examined the ability of stored RBCs to increase brain tissue oxygen supply.800
In three-quarters of the 35 evaluated patients, there was an elevation in brain oxygen partial pressure, whereas in801
the others, a disturbing decrease in brain oxygenation was documented. In this small cohort, no correlation was802
demonstrated between RBC storage age and changes in brain oxygenation. It should be noted, however, that803
patients received a varying number of packed RBCs (from 1 to 6 units) for diverse indications, with the main804
indication being a haemoglobin <10 g dl ?1 . Yet, another study in anaemic critically ill patients (double-blind,805
randomized) that compared the effect of RBC transfusion on tonometric indexes when RBC units were stored806
<5 vs >20 days failed to show any significant differences between the study groups.807

Recently, a randomized controlled trial (RCT) enrolling 100 mechanically ventilated ICU patients failed to808
show any impact of storage duration of transfused RBCs (?5 days in the study group vs standard care in controls)809
on pulmonary gas exchange (as reflected in the ratio) and on immune and coagulation status. 51,52 Negative810
results regarding the effects of storage duration on organ injury (acute lung injury, deep vein thrombosis, stroke,811
and myocardial ischaemia), nosocomial infection, mortality, and/or on length of stay in the ICU or hospital were812
also reported by several other investigators in both retrospective, prospective observational, prospective nested813
case-control, or randomized controlled studies 53 .814

5 b) Neonatal ICU patients815

The most comprehensive trial published to date involved premature, very low-birth-weight neonates, The ARIPI816
trial a prospective 54 , double-blind, randomized, controlled, multi-centre study, aimed to determine whether fresh817
RBC units transfused to premature neonates produce a better outcome than old RBC units. Three hundred and818
seventy-seven premature very-lowbirth-weight (<1250 g) neonates from six Canadian neonatal ICUs that needed819
at least one RBC unit were randomized to either receive fresh units (<7 days old, mean 5.1 days) or older units820
(>7 days old, according to local blood-bank standard practice, mean 14.6 days). This ’old’ RBCs in the ARIPI821
trial were not that old (mean 14.6 days of storage). Moreover, there was no predefined protocolized transfusion822
threshold, and each hospital adhered to its own standard practice. In general, the practice in the ARIPI study823
appears to follow a liberal transfusion strategy. It is, therefore, likely that the enrolled preterm infant did not824
reach a critical degree of anaemia necessary to unmask potential harmful effects of prolonged RBC storage on825
oxygen delivery. Finally, 7.5% of neonates in the fresh RBC group were actually transfused with ’old’ blood but826
were analysed according to the ’intension to treat’ approach. All these limitations should not dismiss the results827
of this large-scale study, but might discourage one from generalizing these results to patients of other age groups,828
from other countries with different blood-bank practices, with other illnesses, different transfusion thresholds, or829
with larger amounts of RBC units required.830

6 c) Trauma patients831

Trauma patients are frequently treated with allogeneic blood transfusion, either during the resuscitation phase or832
the first day of management. It is, therefore, not surprising that many investigators have studied the relationship833
between blood storage duration and outcome in this population.834

An early publication 55 in this area was a small, retrospective, case-control single-centre study from 1999835
that compared trauma victims that developed multi-organ failure (MOF) with a control group that did not836
develop MOF. Only patients who received 6-20 units of RBCs were included. After multivariate analysis, the837
authors found that predicting factors for developing MOF were higher mean age of transfused blood and absolute838
number of transfused units older than 14 or 21 days. They concluded that trauma patients should preferably839
receive fresh RBCs (<14 days of storage), since the age of transfused erythrocytes was an independent risk factor840
for developing MOF.841

In order to overcome the problem inherent in most studies, in which a mixture of old and fresh units is842
administered to trauma patients, Weinberg and colleagues 56 compared mortality in 1637 patients receiving843
exclusively fresh (?14 days) or old (>14 days) RBC units during the first day after major trauma. Although they844
did not demonstrate a difference in mortality compared with patients receiving only 1 or 2 units of RBCs, in845
patients receiving >3 units, mortality was significantly higher in patients transfused with old RBCs.846

Except for one prospective single-centre study 57 , all other studies reporting harmful effects from transfusion847
of ’old’ RBC units to trauma patients [57][58][59][60][61][62][63] were retrospective, single-centre studies in which848
transfusion protocols (for RBCs and other blood components) were not standardized, and in most studies, a849
mixture of old and fresh units was administered. The cut-off point for the definition of old RBCs was 14 days850
of storage, and evaluated outcomes were organ injury (renal failure and pneumonia), length of stay, and/or851
mortality.852

7 d) Cardiac surgery patients853

Cardiac surgery provides a good opportunity for investigation, since this is often an elective procedure with854
detailed databases collected for many years, for which many patients are transfused with RBCs, many remain on855
mechanical ventilation in the early postoperative period, and postoperative morbidity is relatively high.856
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The only available prospective study showing the effect of RBC storage duration on outcome was carried out857
by Leal-Noval and colleagues, 64 who enrolled nearly 800 patients undergoing cardiac surgery (mostly CABG,858
valve surgery, or both) in a single centre. Patients with early (<48 h) mortality or ICU discharge and those859
with early signs of infection were excluded. There was no correlation of RBC age with length of stay, prolonged860
ventilation, or perioperative myocardial infarction. There was an elevated risk of postoperative pneumonia for861
blood stored >28 days. These results correlate with two additional studies: an earlier report by Vamvakas and862
Carven, 65 who demonstrated in a singlecentre retrospective study of 416 CABG patients an increased rate of863
pneumonia and/or infection in patients transfused with older RBCs, and a second more recent retrospective864
multi-centre study that enrolled 1748 patients undergoing CABG or valve surgery in which a higher risk of865
severe postoperative infections was documented in patients transfused exclusively with RBCs stored ?14 days. 66866
Although retrospective and from a single centre, the largest trial conducted to date in surgical cardiac patients867
got the attention of the media, the public, and the US Department of Health and Human Service, published in868
2008 by Koch 67 and colleagues. The authors evaluated 6002 patients who received nearly 20 000 units of RBCs869
during cardiac surgery (both CABG and valve surgeries). Only patients who received exclusively ’old’ (>14 days870
of storage) or ’fresh’ (<14 days of storage) blood were included in the study, reducing the confounding effect of871
patients administered a mixture of both old and fresh blood. Patients who were transfused with exclusively older872
RBCs suffered higher in-hospital mortality, 1 yr mortality, renal failure, and sepsis, and had prolonged mechanical873
ventilation compared with those who received exclusively fresh RBCs. Moreover, transfusion of older RBCs was874
independently associated with an increased risk-adjusted rate of a composite of serious adverse events (25.9% vs875
22.4%, P=0.001). Despite the critical limitations of this study, the impact that this report created pushed in876
part the initiation of several randomized controlled studies, the results of which are yet to be published.877

Several other studies have not confirmed a positive correlation between RBC age and adverse postoperative878
events. A group from Australia 68 reviewed the records of 670 patients undergoing cardiac surgery (CABG, valve,879
or both) for early mortality, renal failure, pneumonia, ICU length of stay, and prolonged mechanical ventilation.880
None of these end-points was found to correlate with either mean or maximal age of RBCs transfused, although881
there was a clear association of all these end-points with the number of units transfused. These negative results882
have been confirmed by other single-centre retrospective studies that enrolled a larger number of patients.883

The enormous amount of both experimental and clinical data suggests, but does not prove, deleterious effects884
of transfusion of RBCs after longer storage duration. However, the quality of the evidence, as summarized in this885
review, is much too poor to make recommendations to change current transfusion practice. Currently, several886
studies are comparing the effects of different blood storage durations on patient outcomes in randomized clinical887
trials.888

The RECESS study (Red Cell Storage Duration Study) is a multi-centre, prospective, partially blinded, RCT889
that aims to enrol 1434 patients from more than 25 medical centres in the USA, undergoing mid-sternotomy890
cardiac surgery. Participants are being allocated to receive either exclusively ’fresh’ units of RBCs (?10 days of891
storage) or ’older’ units (?21 days of storage).892

Patients are enrolled into the study only if the blood service is capable of supplying units of both arms893
described, meaning that patients in the control (’older’ RBCs) group are actually being treated according to894
common practice (i.e. they would get the oldest matching blood available at that time even if not in the895
study). 69 The ABLE study (age of blood evaluation) is another multi-centre, prospective, double-blind, RCT896
being conducted in Canada. It will enrol just over 2500 severely ill ICU patients from more than 20 hospitals,897
randomized to receive either exclusively fresh ( ?7 days of storage) RBC units or ’older’ RBC units of uncontrolled898
length of storage (control, common practice group). This trial is unique in its control group, where there is no899
threshold for the age of RBCs administered. This issue might minimize differences between the study and900
control groups with regard to age of transfused RBCs, but simulates ’real-life’ situations in a better fashion. 70901
The TRANSFUSE trial (STandaRd Issue TrANsfusion versuS Fresher red blood cell Use in intenSive care), a902
randomized, multi-centre controlled study from Australia, is intended to enrol 5000 noncardiac ICU patients and,903
much like the ABLE study, randomize them to receive either the youngest RBC unit available (study group) or904
the oldest unit available (control, standard care group). This study is again unique in not pre-setting the age of905
the RBC unit in either group. The protocol chosen specified only that the unit transfused should either be the906
freshest or oldest one available, according to the study arm. This protocol best reflects real clinical life, although907
it might blur the difference among groups.908

These three large-scale clinical trials are still in different stages of progress, and will shed light on this909
controversial issue. Although limited to specific patient populations, data from these studies are expected to910
have a major impact on the clinical practice of transfusion medicine.911

In Vamvakas meta-analysis 70 , only observational studies that presented adjusted results and had adequate912
adjustment for confounding factors were assessed. The author concluded that no adverse effect could be attributed913
to transfusion of ’old’ units, and pointed out that current data do not support conducting further trials with914
an aim to answer the equipoise in opinions. An updated meta-analysis from the same author 71 , published a915
year later, strengthens these conclusions. The latest meta-analysis by Wang and colleagues, published in 2013,916
reported contradictory conclusions. This meta-analysis included more studies, and thus more patients in total917
and in each subgroup than the previous one, and used different enrolment criteria. The authors reviewed more918
than 400,000 patients from 21 reports, mostly cardiac surgical and ICU patients. The results showed increased919
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mortality among patients receiving older erythrocytes. Subgroup analysis of these trials indicated that the920
increased risk was not restricted to a particular type of patient, size of trial, or amount of blood transfused. The921
authors calculated that 97 patients who receive exclusively ’fresh’ RBCs will result in one life saved.922

The ongoing discussion and debate, as reflected in these two meta-analyses, and the many reviews published923
in recent years, introduced RBC storage duration as a new parameter that cannot be ignored.924

In recent years, the scope of clinical concern regarding transfusion of stored RBCs has widened from traditional925
issues of replacing lost RBCs with stored RBCs that could deliver oxygen to peripheral tissues, to concerns926
regarding the accumulation of toxicological entities in stored RBCs that could lead to medical sequel upon927
transfusion. Much like the difficulties in studying tissue oxygenation by RBCs, analyzing sequel of transfusing928
stored RBCs is a very challenging process. Retrospective studies have been useful, but give a wide variety929
of results, with a large number of studies showing worse medical outcomes as a function of RBC storage time,930
others showing no effect, and some reporting worse outcomes with fresh RBCs. Although of great potential utility931
from the standpoint of using existing medical data to generate observational hypotheses, retrospective studies932
inevitably suffer a series of intrinsic biases. For this reason, several prospective randomized clinical trials (RCTs)933
were launched, three of which have now reported no difference between groups receiving fresher vs older blood.934
The Age of Red Blood Cells in Premature Infants (ARIPI) study detected no difference in fresher versus older935
RBC units in very low-birth-weight infants, whereas the Red Cell Storage Duration Study (RECESS) reported936
no difference in cardiac surgery patients. Likewise, the Age of Blood Evaluation (ABLE) trial recently reported937
no difference in intensive care unit patients. Formal publication of the results of RECESS and ABLE (outside of938
abstract form) has not yet occurred and additional trials remain under way.939

RCTs are of tremendous use in helping to resolve this important issue. Although it is inevitable that some940
challenges to methodologies and analysis will be raised, these trials nevertheless provide very reassuring data941
indicating that large effects are not present in the particular patient populations that have been studied, with the942
RBC storage methodologies being used, and with the definitions of old vs fresh blood that were used. However,943
an additional concern remains, due to the tremendous number of transfused patients. Conversely, this means944
that large and clinically relevant improvements would need to be made to RBC storage conditions before any945
new RBC products could be demonstrated to be superior to current products based upon RCTs.946

The ARIPI, RECESS, and ABLE trials described above bring substantial intellectual comfort that within the947
context of current practice and standard of care, there are not large effects between groups receiving ”fresher”948
versus ”older” stored RBCs. Nevertheless, these RCTs must likewise be interpreted with their own caveats,949
including the limited power to detect small effects (even below 20% depending upon the nature of the storage950
lesion), 72 the fact that few patients in these trials received multiple units of blood at outdate but, at some951
frequency, that such patients likely exist in real practice, and that just as animal biology may not reflect human952
biology, the clinical susceptibilities of the patients in the existing RCTs may not reflect susceptibilities in other953
patient populations.954

Thus, both the animal studies and the human RCTs are compelling and essential parts of an evolving landscape955
of data, and must be given the intellectual influence and weight they are due, without over inferring or generalizing956
to unobserved situations to which they may not apply.957

Primary metrics that have historically guided development and refinement of RBC storage conditions have958
focused on RBC cellular integrity. RBCs that haemolyse in the storage bag are clearly no longer viable as a959
therapy for anaemia; thus, the US Food and Drug Administration (FDA) requires that on average, haemolysis960
in the bag be <1%. However, just because an RBC is intact does not mean it will circulate upon transfusion.961
Accordingly, the number of RBCs that remain in circulation 24 hours post transfusion has been a primary962
criteria for the conditions and length of RBC storage that the FDA will approve (there must be a mean ”24-hour963
recovery” of at least 75% with a standard deviation of <9% and with a 1-sided 95% lower confidence limit for964
the population proportion of successes of >70%). The cut off of 75% is based upon historical expert opinion, but965
is nevertheless an arbitrary metric. The rational basis for the 24-hour recovery is that the removal of irrevocably966
damaged RBCs appears to occur within this 24-hour window and RBCs which are still circulating 24 hours post967
transfusion have a normal RBC circulatory lifespan.968

It seems a fair statement that RBCs which do not circulate cannot deliver oxygen; thus, using 24-hour recoveries969
is a meaningful metric. However, even the word ”circulate” requires certain biological scrutiny in this context.970
It might seem a reasonable conclusion that if a labelled RBC is injected IV and 24 hours later is recovered971
from a peripheral blood draw, it has been circulating. It might also seem a reasonable conclusion that if 75% of972
transfused RBCs are recovered 24 hours after infusion, then 25% of the transfused RBCs are no longer circulating.973
However, both of these assumptions have undergone a critical evaluation. With regards to the first notion, it974
has been rightly pointed out that the flow dynamics of large vessels are profoundly different than issues of the975
microvasculature of capillary beds. As the vast majority of oxygen exchange occurs in the microvasculature976
embedded in organ parenchyma, it is the actual behaviour of RBCs in microcirculation that likely affects oxygen977
delivery capacity. It is for this reason that a great deal of study has gone into the rheological properties of RBCs,978
using a variety of instruments that measure RBC flexibility, the ability to bend and contort, and the ability to979
navigate artificial microvasculature with a variety of properties meant to model capillaries. Indeed, stored RBCs980
show progressively diminished flexibility and ability to perform the contortions necessary for microcirculation981
[73][74][75][76] and even show negative effects upon circulation itself 75 ; although studies to the contrary have982

16 10.34257/GJMRKVOL21IS3PG31



also been reported. 76 Moreover, transfusion of RBCs stored for longer periods has a statistically significant983
inverse correlation with both thenar muscle tissue oxygen saturation and perfused capillary vascular density in984
trauma patients. With regard to the assumption that RBCs that are no longer detected in venous blood are985
no longer circulating, it is important to note that some transfused RBCs may not be detected in peripheral986
circulation until over 24 hours post transfusion, presumably due to some manner of adhesion or sequestration.987
[77][78] Regrettably, just because an RBC can circulate (even through the microvasculature), does not mean that988
it is in fact capable of delivering oxygen with normal efficiency. Indeed, there are data to indicate that stored989
RBCs may not optimally deliver oxygen until they have ”recovered” after a period of time circulating in the990
recipient. This issue remains a matter of some dispute, with evidence on both sides 79 . However, what the991
experimental data do demonstrate is that RBCs are capable of a phenotype in which they circulate but have992
decreased efficiency of oxygen delivery. Thus, this must remain a concern in guiding development of RBC storage993
conditions and has led to the view by some that stored RBCs do not function well. An argument that is often994
forwarded to the contrary is that many trauma patients who have had their entire blood volume replaced with995
stored RBCs survive, and patients requiring exchange transfusion do better clinically, indicating that stored RBCs996
can function to a reasonable extent. This seems undeniably true, and is a credit to the efficacy of transfusing997
stored RBCs. However, the fact that patients are routinely transfused with stored RBCs and many have good998
outcomes cannot logically justify the claim that stored RBCs function optimally nor does it demonstrate that999
stored RBCs are not damaging to patients in some ways.1000

Early characterization of the storage lesion focused on a number of parameters for which there was a1001
rational basis to assume that they would reflect RBC function, including: (1) metabolic changes (eg, adenosine1002
triphosphate [ATP], 2,3-diphosphoglycerate, etc), (2) enzymatic changes, (3) changes in rheological properties,1003
and (4) physiologic changes (eg, shape change, membrane remodeling), which have been recently reviewed. 80,811004
Oxidative changes have also been thoroughly characterized, have been shown to correlate in many ways and have1005
been posited as playing a causal role in the RBC storage lesion. 80,81 However, although it seems a reasonable1006
prediction that some of the above metrics would predict how stored RBCs would perform after transfusion, such1007
is regrettably not the case.1008

A major challenge to the field has been that although the above measures do reflect observable alterations in1009
RBCs during storage, they have only an ”asymmetric correlation” to the ability of RBCs to survive storage (as1010
measured by 24-hour recoveries). In other words, RBCs with extreme changes can be shown to have poor 24-hour1011
recoveries; however, none or a small amount of change does not necessarily predict good 24-hour recoveries. Such1012
is even the case for ATP levels, which have been a mainstay measure of RBC storage quality and have guided1013
the addition of adenine to RBC storage solutions. Indeed, ATP at the end of storage has been the best predictor1014
of 24-hour RBC recoveries; however, even ATP has only a 40% correlation with 24-hour RBC recoveries (with a1015
mean 75% to 80% recovery). 82 This poor correlation may be in part due to intrinsic difficulties in measurements1016
of high accuracy, but may likewise reflect a lack of biological correlation. 83 The lack of correlation between1017
in vitro measures and in vivo circulation raises the serious concern that current metrics may be untethered to1018
relevant biology.1019

In more recent decades, the concept of in vivo RBC function has evolved well beyond the issue of oxygen1020
delivery. The current paradigms now include a role of RBCs as not only a vehicle of oxygen delivery, but also as1021
both an agent of CO 2 removal, a sensor of tissue oxygenation, and a regulator of biological processes extrinsic to1022
the RBC (example, vascular tone through NO biology). Thus, additional metrics of RBC storage have been added1023
to the above-mentioned details, including distinguishing haemoglobin outside of intact RBCs (eg, either free or in1024
the form of microparticles that may scavenge NO), the amount of Snitrosylation of hemoglobin itself (SNO-Hg),1025
84 adhesion of RBCs to endothelial beds, 85 effects of stored RBCs on models of vascular tone (isolated aortic1026
rings), 86 and in vivo measures of how stored RBCs affect vascular tone, both in animals and directly in humans.1027
87 However, as with the long list of more traditional measures, the clinical meaning of these indications remains1028
largely undetermined (and in some cases controversial) and the ability to predict RBC function is unclear.1029

8 e) Arrival of the ”omics generation”1030

The era of ”omics” biology has now made its way to the study of the RBC storage lesion. 88 As in many fields,1031
the application of ”big data” platforms (eg, proteomics, lipomics, glycomics, and metabolomics) has led to a1032
progression toward a seemingly encyclopedic list of the changes that take place to RBCs over 42 days of storage.1033
Genomics of RBC storage is a bit more abstract, as mature RBCs do not have nuclei and do not express gene1034
products; however, it is well known that there is substantial variation in RBC storage across donors and it has also1035
been reported that some characteristics of RBC storage are heritable traits in humans. The generation of such1036
large quantities of data are of great potential, and have led to the ability to rapidly characterize storage biology1037
to greater depths. These studies have detected entire panoply of new molecular changes that correlate with1038
RBC age, as well as confirming historical observations. Importantly, such data have also allowed systems biology1039
approaches to RBC storage biology, which will likely be of great scientific utility moving forward. However,1040
like the older measures, it is as yet unclear which, if any, of the new measurements correlate with the in vivo1041
behavior of the RBCs. Thus, for the time being (at least), the generation of large volumes of new data has1042
only exacerbated the central problem of which variables to study. Thus, a downside to the new data are that1043
given the thousands of changes RBCs undergo during storage, and the experimental difficulty (or impossibility)1044
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of changing and testing a given variable in isolation from other variables, the actual significance of any of the1045
observed changes remains unassessed by experimental methodologies and thus remains somewhat obscure.1046

So, the question is raised, how will the field move forward in sorting out the proverbial wheat from the chaff?1047
One pathway is through experimental modification of storage solutions that give a better RBC product, as1048
assessed by traditional metrics, if not better medical outcomes. Analysis of what variables correlate with a better1049
RBC storage solution, and which do not, will not isolate individual changes, but will nevertheless help to establish1050
the functional significance of at least different groups of change. Controlled animal experimentation will also be1051
of use in helping to isolate pathways, and will certainly provide a much greater degree of experimental control1052
than can be ethically or practically achieved in humans, with the decidedly negative bedfellow that animal RBC1053
biology will differ from human RBC biology, to an as yet unknown extent. 89 Thus, animal studies will likely1054
find their greatest utility in sorting through the multiplicity of known changes in discovery-phase searches that1055
will then allow more focused hypothesis testing in humans. Of central importance will be the combination of1056
omics analysis with units of RBCs that are subsequently transfused into humans, and at the very least subjected1057
to traditional measures of in the bag hemolysis and 24hour recoveries. First steps to this approach have been1058
taken in platelet storage biology, and have isolated initial candidates for changes that predict posttransfusion1059
performance. [90][91][92][93] Similar approaches to RBC storage are likely to bear similar fruits, and seem a1060
logical next step. It is clear that certain storage lesion-based changes correlate with poor RBC performance (eg,1061
hemolysis, extreme changes in morphology [echinospherocytosis], high levels of protein and lipid oxidation, loss1062
of sialic acid, cross-linking of hemoglobin to itself and other proteins, clustering of band 3, etc). The significance1063
of such changes may be somewhat exaggerated in the context of confusing the distinction between that which1064
can occur and that which clearly does occur. Just as one example, the observation that transfused RBCs clear1065
rapidly if first treated with neuraminidase (which removes terminal sialic acids from glycans) does indicate that1066
if sialic acids are lost then RBCs will clear; however, this does not equate to establishing that the degree of1067
spontaneous sialic acid loss during storage is sufficient to result in RBC clearance. This is an issue that afflicts1068
essentially all of the proposed mechanisms of post storage clearance of damaged/aged RBCs. Unless and until a1069
variable can be reversed in isolation from other variables, and the effects of such reversal can be assessed in vivo,1070
then the requirement of a given pathway cannot be firmly tested. Such manoeuvres are technically challenging,1071
if not impossible, given the massive number of changes that are known to take place during RBC storage, and1072
present a substantial challenge even in tractable animal models, let alone the technical and ethical challenges of1073
human studies. Moreover, even if such experimental sophistication were achievable, it can only answer questions1074
of what is ”required” but cannot exclude what is ”involved” due to issues of biological redundancy. Indeed, the1075
lack of clear understanding that has been perpetuated by this obstacle is not limited to clearance of RBCs post1076
storage; rather, it seems a fair statement that discrete answers to the question of how RBCs are cleared in vivo1077
as a part of normal RBC senescence remain undetermined. As with RBC storage, multiple pathways have been1078
proposed and demonstrated as being possible, but identification of those that are clearly involved and/or essential1079
has been elusive.1080

An additional concern to the issue of sorting out the storage lesion and its effects on RBC efficacy and/or1081
toxicity is the large number of approved RBC products and the myriad medical conditions for which stored1082
RBCs are transfused. RBCs may be anticoagulated in CPD and CP2D (and for apheresis in ACD); units1083
may also be supplemented with a variety of additive solutions (eg, SAGM, ADSOL-1, ADSOL-3, ADSOL-5,1084
ADSOL-7, [SOLX], etc); the different components of these solutions have been recently reviewed. However, in1085
general, the solutions differ in concentrations of NaCl, NaHCO 3 , Na 2 HPO 4 , citric acid, sodium citrate,1086
adenine, guanosine, glucose, and mannitol. 88 Moreover, RBC units may be leukoreduced or not, depending1087
upon country and region. Finally, there are additional prestorage variables (eg, time at room temperature after1088
collection, irradiation, apheresis vs whole blood, etc) that have not been included in many studies, but for which1089
there is a good faith basis to suggest a role in biology. 88 Indeed, differences in storage solutions in Europe1090
,Canada and the United States have been posited as a potential cause for different results of analysis of patient1091
outcomes as a function of transfusing stored RBCs. 88 Perhaps ever more confounding is the wide variety of1092
medical indications for which RBCs are given, and how the different, and at times opposing, path physiologies1093
may confound observations of RBC efficacy. For instance, it has been observed that stored RBCs develop a1094
”procoagulant activity.” If such activity correlates to the promotion of clotting in vivo, then such procoagulant1095
activity may simultaneously be therapeutic to a patient suffering hemorrhage and lethal to a patient suffering1096
thrombosis. This is both a concern as far as adjusting medical practice to individual patient needs, but also1097
for the validity of clinical trials in which patients with diseases of different pathologies are included together in1098
groups assessing medical outcomes. In the above context, the general overarching question as stated, ”Is older1099
blood bad for you?”, appears to be oversimplified to the point of being neither testable nor applicable, and more1100
focused questions must be asked. In the field of blood product collection and transfusion, the notion of ”process1101
control” is well established and in place to variable degrees in different settings. That is to say that there is1102
an attempt to ensure that all products are collected and distributed within the context of certain controlled1103
parameters. In other words, blood products are all collected and treated the same, and attempts are made to1104
sample a small number of units, from which one extrapolates a general understanding of the quality of a large1105
number of products, which are not themselves directly tested. However, neither the scientific nor technical notion1106
of ”product control” has yet been developed or implemented. That is to say, release criteria from the blood bank1107
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(for individual units) is limited to testing negative for select pathogens, the recipient not having a detectable1108
alloantibody against the donor unit, the unit meeting process control, and passing a visual inspection.1109

Of the panoply of changes that RBCs are known to undergo during storage, none is used as a quality control1110
measure at the time of RBC release, on a unit-per-unit basis. This is in large part because the field has yet to1111
identify storage lesion measures known to predict efficacy or toxicity. However, should such factors be described,1112
then the application to individual units is not necessarily farfetched; in the recent past (prior to electronic1113
cross-match), essentially every unit that was transfused was cross-matched to the individual recipient.1114

In a recent study conducted in a Tertiary care hospital in Uttar Pradesh by Baliar S. and Jaiswal M., who1115
studied CPDA-1 blood bags over a period of 28 days the following conclusions were drawn (i) low baseline1116
potassium blood bags might be preferred for transfusion in cases demanding a low potassium load and (ii)1117
coordinating the ’first-in-first-out’ (FIFO) policy with ’early release of blood-bags with high initial potassium’1118
might be helpful in improving the release of suitable blood units from blood-banks. 34 The association between1119
transfusion of stored blood units having high K levels and cardiac dysfunction has been well demonstrated1120
18,19,35 . We attempt to study possible relationships between K concentrations and levels of some commonly1121
used laboratory parameters in CPDA-1 blood bags and SAGM bags by serially examining them. This might be1122
helpful in making optimum use of this limited resource and providing better treatment-care. Different models and1123
immune response read-outs have been used to study the effect of allogenic WBC’s, which makes comparison of the1124
results difficult. Some studies have used whole blood assays, whilst others have used isolated WBC populations1125
(i.e. neutrophils, mononuclear cells or T lymphocytes). Prestorage leucocyte reduction of RBC units appears to1126
mitigate some WBC responses, but not others. Normal allogeneic mononuclear cells can be induced to release1127
cytokines by supernatant from leucocyte-reduced RBC units, whilst cytokine release by allogeneic neutrophils1128
appears to be mitigated. The predominance of a proinflammatory versus an immunosuppressive cytokine response1129
may also be influenced by whether or not the RBC unit was prestorage leucocyte-reduced. Supernatant from1130
leucocyte-reduced RBC units has recently been shown to induce regulatory T cells, and this effect was not related1131
to storage duration of the RBC unit .Together these results suggest a complex and dynamic interplay of effects.1132
All of these in vitro experiments have been performed using allogeneic ”responder” WBCs from normal healthy1133
donors. The response of WBCs from transfusion recipients with co-existing morbidities that modulate their1134
immune and/or coagulation or vascular systems is not known and adds further dimensions to the complexity1135
of the potential effects of Transfusion Related Immunomodulation. [34][35][36] Hemolysis during processing can1136
occur due to various reasons. Delay between collection and processing, rapid anticoagulation, high centrifugation1137
speed, rapid addition of additive solution to packed red cells and variation in the quality of blood storage bags1138
all contribute to hemolysis. It has been shown that mechanical stress from centrifugation or agitation can cause1139
greater increase in the lysis of red cell units if they are stored as packed red cells or stored for longer period1140
(near expiry date). Mechanically stressed red cell units show progressively greater signs of red cell damage as the1141
storage period increases. This is because it accelerates the adverse effects of storage which can lead to hemolysis.1142
The red cell units stored for longer periods are more susceptible to mechanical trauma. 13 Mechanical hemolysis is1143
caused by the turbulent shear stress (Reynolds stress) which can be caused by sudden acceleration or deceleration1144
during centrifugation, edges of a kinked tube, partially opened transfer tube closures, during stripping of blood1145
into partially opened blood collection bags. Vigorous shaking of the blood bag during mixing with additive1146
solution may cause damage to older fragile red cells. Manually raising the pressure in the blood bag to increase1147
the rate of blood flow through leucocyte reduction filter can also damage the red cells. Low shear stress ranging1148
1000-1500 dyne/cm 2 during gravity filtration through leucocyte filters usually is not sufficient to cause lysis of1149
red cells. Traumatic lysis is more likely in red cell concentrates with higher hematocritl. 22 Sawant et al studied1150
the effects of processing and storage on red cell hemolysis. They collected the red cell units in single blood bag,1151
triple blood bag and, top and bottom blood bag system. They found that the hemolysis increases in red cell units1152
with increase in storage period (p < 0.001). However, the bemolysis in all the red cell units was much less than the1153
permissible limit of 0.8% (European guideline) at the end of 42 days of storage. Their study also showed that red1154
cell units in SAGM (saline-adenlne-glucose-mannitol) had a higher degree of hemolysis than those in Adsol. This1155
increase in hemolysis may be attributed to the preparation technique, in which the additive solution (SAGM)1156
was added to the packed red cells after separation of the platelet rich plasma. Sudden exposure of red cells to1157
additive solutions can result in damage to the red cells due to change in osmolarity. 23 Sowemimo-Coker showed1158
that at plasma hemoglobin of 40 mg/dl, the supernatant colour appeared visibly red to unaided eyes which is1159
much below 1% hemolysis. Hence, visual assessment of hemolysis tends to overestimate the hemolysis in red1160
cell. 2,88 Oxidoreductive imbalance is a major cause of excessive haemolysis in in vitro conditions. Leucocytes1161
and blood platelets present in red blood cell concentrates (RBCs) are one of the sources of free radicals, which1162
have a significant effect on the status of stored erythrocytes. N?dzi, M. et al studied RBC concentrates units1163
obtained from 10 whole-blood units that were split into two equal units, one of which was leucoreduced on the1164
day of donation. 94 Both units were stored for 35 days. The following markers of oxido reductive balance were1165
measured on day 0 (donation day) and on storage days 7, 14, 21 and 35 i.e concentration of malondialdehyde1166
(MDA) and activities of antioxidant barrier components, that is superoxide dismutase, glutathione peroxidase1167
and glutathione reductase.1168

Lipid peroxidation in leucodepleted units (LRBC) was slower than that in non-leucodepleted ones. The1169
analysis of LRBC revealed statistically significant decrease in concentrations of MDA. The activities of superoxide1170
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dismutase, glutathione peroxidase and glutathione reductase were higher throughout the storage period as1171
compared to non-leucoreduced RBC. Statistically significant differences between RBC and LRBC units were1172
noted throughout the storage in the activity of lactate dehydrogenase, and concentrations of K + ions and free1173
haemoglobin. Leucoreduction of RBC before storage helps to preserve the activity of antioxidant barrier enzymes1174
in stored RBCs and significantly improves the quality of stored red blood cell components.1175

Thus, how are we to answer the question of ”What are the established and theoretical factors to consider in1176
assessing the red cell storage lesion?” As detailed here and as reviewed extensively elsewhere, there is a well-1177
defined list of factors that are traditional measures of the storage lesion, and a panoply of new and evolving1178
measures, as the omics era makes its way to RBC storage. As of yet, no components of the storage lesion have1179
been identified that adequately or accurately predict 24-hour recoveries. Moreover, although RBC circulation1180
remains a necessary property, it is unclear that 24-hour recoveries predict efficacy beyond eliminating lack thereof1181
due to nonviable RBCs. Because some metrics can predict blood that has lost its integrity, in vitro measures1182
remain a guiding factor in development and refinement of new storage solutions. Nevertheless, the lack of an1183
in vitro metric known to correlate strongly with how well RBCs will circulate post transfusion, and the lack of1184
knowledge as to whether 24hour recoveries correlate to medical outcomes, remains a major obstacle. The field has1185
access to the ability to carry out human trials and studies, use animal models, and harness systems biology of RBC1186
storage. Future refinement of methodologies and metrics in the field will necessitate combining these approaches1187
with a distinct focus on identifying the changes that correlate and/or are causally associated with increased1188
efficacy and decrease in untoward effects, with a mindfull consideration of different patient characteristics and1189
clinical situations.1190

The identification of distinct components of the storage lesion with such predictive qualities will not only1191
guide clinical care, but also provide a rational basis for rapid storage system development and refinement. In the1192
meantime, the lack of such metrics remains a major challenge to blood storage research.1193

9 III.1194

Aims & Objectives 1. To determine changes in biochemical parameters:1195
Electrolytes (Na + , K + , Cl -) pH, LDH and Hemogram on day 0,1, 7, 14, 21, 28 in stored blood units.1196
IV.1197

10 Material and Methods1198

The present study was conducted in the Department of Immunohaematology and Blood Transfusion in1199
collaboration with the Department of Biochemistry and Department of Pathology, Dayanand Medical College1200
and Hospital, Ludhiana. The study was undertaken after approval by Institute Ethics Committee, and after1201
obtaining written informed consent from each donor enrolled in the study. In this study, a total of 106 blood1202
units were collected in house (blood bank) and in blood donation camps. These bags were examined for various1203
parameters during 28 days of storage period. The study was conducted from details about the blood donation1204
and processing were recorded in the proforma. Samples representative of the bag contents were obtained on1205
the specified days and were analyzed for biochemical and haematological parameters. The results obtained were1206
recorded in the proforma.1207

11 a) Study design-The study was prospective1208

i. Blood Collection-Blood collection was done strictly as per the guidelines prescribed by Directorate General1209
Health Services. The prescribed departmental protocols for donor selection and phlebotomy were followed.1210

12 Donor selection1211

Donors belonging to the age group 18 to 60 years with weight more than 45 kg and hemoglobin more than 12.51212
gm/dl were selected. At the time of blood collection, the donors were recruited taking into account the stock of1213
different blood groups in the inventory. Donors with blood groups which were sufficient in stock were preferred1214
for recruitment to avoid shortage of blood units. Detailed donor medical history and physical examination of1215
the donor was undertaken. Only those donors found fit for blood donation were selected for the phlebotomy1216
procedure. Single CPDA bags with 350ml capacity were used for blood collection from donors weighing more1217
than 45 kgs. Triple CPD + SAGM bags, Quadruple CPD + SAGM bags, Integral bags CPD + SAGM with1218
450 ml capacity and Leukoreduction filter were used to collect blood from blood donors weighing more than 601219
kg. b. An appropriate blood bag was selected for blood collection. It was then inspected for any leakage or any1220
discoloration. c. A unique registration number was given to the donor and registration labels were put on the1221
bag, form and pilot tubes. d. of the donor was established and the bag was kept on the, biomixer below the level1222
of donor arm and the tubing of bag was fitted in the biomixer. Then the biomixer was set to the requisite volume1223
according to the type of bag. e. The sphygmomanometer cuff was tied above the cubital fossa of the donor arm1224
and the cuff pressure was raised to 50-60 mmHg. f. A firm and prominent vein was chosen for venepuncture in1225
the ante cubital area of arm. g. The cuff pressure was released and the proposed site of venepuncture was cleaned1226
with methylated spirit in an area of 4-5 cm moving outwards in concentric spiral manner and it was allowed to1227
dry. h. 10 % Povidine lodine was applied in the same manner as described above. i. Again cleaned the area1228
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with methylated spirit in the same manner as described above. j. The cuff pressure was inflated to 50-60mm Hg1229
and the donor was asked to squeeze the ball in hand and the phlebotomy was performed. k. The donor was kept1230
under constant observation. l. After collection of the requisite volume of blood in the blood bag, the biomixer1231
gave an alarm and clamps the tubing of the bag. After this the cuff was deflated followed by the needle removal.1232
m. A sterile cotton swab was placed at the site of venepuncture and pressure was applied so as to prevent the1233
oozing of blood. The donor was asked to continue lie down on the couch for 8-10 minutes.1234

13 Phlebotomy1235

n. The procedure was completed by pressing the end button of the biomixer which releases the clamped tubing of1236
the bag. o. The unique identification numbers on the pilot tubes and the blood bag were matched and checked.1237
Blood samples were then withdrawn from the bag into the pilot tubes and the tubing of the bag was sealed by the1238
tube sealer. p. After the 8-10 minutes of rest, donor was taken to the refreshment room. Band-aid was applied1239
at the venepuncture site when the oozing stopped. 3. Transportation-The blood collected in single blood bags at1240
camp were stored and transported in blood transport boxes (Insignia). These were electricity/battery operated1241
portable blood transport boxes equipped with compressor to maintain the temperature at 4°C or 22°C selected1242
by key control panel. The blood bags were packed in the blood transport box in accordance with the storage1243
capacity, so as to avoid overloading. The lid of the blood transport box was securely closed. It was ascertained1244
that the temperature during transport did not exceed 10°C. The blood transport boxes were equipped with digital1245
display for monitoring the temperature inside the transport box. The temperature was monitored during blood1246
donation camp and transportation, and on arrival at the blood bank.1247

ii. Blood processing-was done according to the guidelines prescribed by Directorate General Health Services.1248
Principle -Blood constituents differ in size and density and sediment at different rates when centrifugal force1249

is applied. When whole blood, a mixture of cellular components suspended in plasma and anticoagulant is1250
centrifuged, the red cells settle at the bottom of the blood bag because they have the highest density (have a1251
greater mass more than the other components). Being less dense, the white cells and platelets do not settle1252
quickly, and remain in suspension longer. As centrifugation continues, the white cells sediment above the red1253
cells, and finally the platelets form a layer above the white cells and leave the suspending fluid (plasma plus1254
anticoagulant) at the top. 2. Triple CPD + SAGM bags-After a holding period of 2 hours at 20°C to 24°C, triple1255
CPD + SAGM bags were processed as follows:1256

i. Primary centrifugation a. After the 2 hours holding period, the triple CPD + SAGM bags were placed in the1257
plastic inserts of RC with satellite bags facing outwards so that they act as shock absorber during centrifugation.1258
The opposite plastic inserts with the triple bags were balanced accurately using the two pan mechanical balance1259
with plastic balancing weights and then placed in diagonally opposite buckets of RC. These bags were then1260
subjected to soft spin in the RC. The settings of the RC for soft spin were:1261

Centrifuge speed= 1000 rpm Acceleration=8 Deceleration=0 Time= 10 mm Temperature= 22°C.1262
b. After centrifugation, the plastic insert containing the triple bag was removed from the bucket of RC.1263

The primary bag was removed from the plastic insert with minimal disturbance and was placed in the plasma1264
expressor. The spring of the plasma expressor was gently released and the plate of plasma expressor was allowed1265
to come in contact with bag. c. The tubing between the primary bag and plasma storage bag was clamped1266
temporarily. The seal of the primary bag was broken and the supernatant (platelet rich plasma-PRP) was1267
allowed to flow into the platelet storage bag. d. The tubing between the primary bag and platelet bag along with1268
satellite bag was sealed by the tube sealer and the primary bag with packed red cells was separated and stored1269
in blood storage refrigerator (BSR) at 2°C to 6°C temperature.1270

ii. Secondary centrifugation a. The PRP along with the satellite bag was placed in the plastic insert of RC1271
with satellite bag facing outward. The opposite plastic inserts with the PRP bags were balanced accurately using1272
the two pan mechanical balance using plastic balancing weights and then placed in diagonally opposite buckets1273
of RC.1274

b. PRP was subjected to heavy spin in RC. The settings in RC for heavy spin Centrifuge speed=3500 rpm1275
Acceleration=8 Deceleration=8 were:1276

Time= 10 min Temperature=22°C c. PRP was then placed in plasma expressor and the supernatant (platelet1277
poor plasma) was allowed to enter into the plasma storage bag. Around 50-70ml of plasma was left behind in1278
the platelet bag and the tubing between both the bags was sealed by the tube sealer and separated. d. The1279
platelet concentrate bags were kept undisturbed with label side down for about 1 hour. They were then stored1280
at 20°C to 24°C in the platelet agitator incubator. e. The platelet poor plasma (fresh frozen plasma) was stored1281
at minus 80°C in the deep freezer and subsequently shifted to minus 40°C deep freezer for storage. 3. Quadruple1282
and Integral CPD + SAGM bags with integral leucoreduction filter -After a holding period of 2 hours at 20°C1283
to 24°C, the bags were processed as follows.1284

i. Primary centrifugation a. After the 2 hours holding period, the quadruple CPD + SAGM bags and Integral1285
Bags with integral leucoreduction filter were placed in the plastic inserts of RC with satellite bags facing outwards1286
so that they can act as shock absorber during centrifugation. The opposite plastic inserts with the quadruple1287
bags were balanced accurately using the two pan mechanical balance with plastic balancing weights and then1288
placed in diagonally opposite buckets of RC. These bags were then subjected to soft spin in the RC. The settings1289
of the RC for soft spin were:1290
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Centrifuge speed=l 000 rpm Acceleration–81291
Deceleration–0 Time=10min Temperature=22°C. b. After centrifugation, the plastic insert containing the1292

quadruple bag was removed from the bucket of RC. The primary bag was removed from the plastic insert with1293
minimal disturbance and was placed in the plasma expressor. The spring of the plasma expressor was gently1294
released and the plate of plasma expressor was allowed to come in contact with bag.1295

c. The tubing between the primary bag and plasma storage bag was clamped temporarily. The seal of the1296
primary bag was broken and the supernatant (platelet rich plasma-PRP) was allowed to flow into the platelet1297
storage bag. d. The tubing between the primary bag along with the, SAGM containing satellite bag and the1298
platelet bag along with the plasma satellite bag was sealed by tube sealer. e. The SAGM containing satellite was1299
then hung with primary bag kept at a lower level. The seal of SAGM bag was then broken and SAGM solution1300
was allowed to flow through the leucoreduction filter into the primary bag for priming of the filter. f. After1301
all the SAGM solution entered into the primary bag, the primary bag containing red cells was mixed gently by1302
inversion with SAGM solution and hung at a height with satellite bag at a lower level. The packed red cells were1303
slowly allowed to flow through the leucoreduction filter into the satellite bag under the effect of gravity. g. After1304
the transfer of red cells into the satellite bag from the primary bag, the tubing between them was, sealed using1305
tube sealer and both bags were separated. Packed red cells were stored at 2°C to 6°C in BSR and the primary1306
bag was discarded.1307

ii. Secondary centrifugation.-All the steps of secondary centrifugation were followed in a similar manner as for1308
triple CPD + SAGM bags.1309

iii. Storage-All the packed red cell units were stored at 2 to 6°C in BSR with continuous temperature1310
monitoring. The BSRs have continuous temperature monitoring with graph recording and audio alarm for1311
any deviation in temperature from the range of 2°C to 6°C.1312

14 iv. Sampling1313

Samples were collected from single bag on the day of collection (day 0) and then on day 7, day 14 and day 28.1314
Samples from the triple bag and quadruple bag were collected before processing (day 0) and after processing1315
(day 1) and subsequently on day 7, day 14 and day 28. The sampling technique used was validated by different1316
observers.1317

Equipment and materials a. Tube stripper (J. Mitra) b. Laboratory centrifuge (REMI R-8C) Stripping a.1318
The stripper was applied at the distal end of the blood bag tubing and gradually drawn towards the bag so as1319
to empty the contents of the tubing into the bag. b. Keeping the stripper still applied, the bag was inverted 2-31320
times and then the stripper was released to allow the tubing to fill with blood.1321

c. Again the bag tubing was stripped so as to empty the tube contents into the bag. This was repeated1322
3 times so that a representative sample of the bag contents could be obtained from the bag tubing. d. The1323
representative samples from the blood bag which were obtained on specific days were analyzed for haematocrit1324
and total hemoglobin using fully automated cell counter. e. The blood sample was then centrifuged at 10001325
rpm for 10 minutes and the supernatant plasma was then removed into the plastic storage vials. Then the vials1326
were labeled and stored at minus 20 °C deep freezer. f. The plasma samples were processed within 1 month of1327
storage. At the time of evaluation, the samples were appropriately thawed and analyzed for plasma hemoglobin1328
and plasma potassium level.1329

Measurement of parameters-The samples obtained were evaluated for the following parameters.1330
1. Haemoglobin, Haematocrit and Total Leucocyte count: of the blood samples were measured using fully1331

automated cell counter (Coulter LH 750 Haematology Analyser). The cell counter is based on both the electrical1332
and optical techniques. Cell counting and sizing is based on the detection and measurement of changes in1333
electrical impedance (resistance) produced by a particle as it passes through a small aperture The application1334
of light scatter enables a single cell passing across the laser light beam to reflect and scatter the light The1335
patterns of scatter are measured at various angles and this provides information about cell structure, shape,1336
and reflectivity. Total hemoglobin is estimated by cell counter using the cyanmethemoglobin method and the1337
haematocrit is obtained as a product of the red cell count and mean corpuscular volume (MCV). 2. Plasma1338
Sodium, Potassium and Chloride-The plasma samples obtained from blood bags stored at minus 20°C in deep1339
freezer were appropriately thawed and sent to the Department of Biochemistry for evaluation of electrolytes. The1340
samples were evaluated using instrument ABL800 FLEX Radiometer.1341

Reference Electrode is used in the measurement of electrolytes and pH. It maintains a stable fixed potential1342
against which other potential differences can be measured.1343

15 a) Serum Sodium levels Test method: Ion Selective electrode1344

(ISE)1345

The Na electrode is an ion selective electrode whose sensing element is a Na + sensitive ceramic pin contained1346
in the tip of jacket. The electrolyte has a constant and known concentration of sodium ions.1347

When a sample is brought in contact with the electrode, a potential develops across the ceramic pin. The1348
potential depends on difference between the sodium (more precisely, activity) in the electrolyte and the sample.1349
If the cNa + in both solutions is the same, the potential across the electrolyte tip will be 0 volt.1350
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The total potential cross the electrode chain is a sum of the potential differences at each of the elements in1351
the chain, all but one of which is known and constant. The unknown potential difference across the ion selective1352
membrane or pin is then the difference between the measured total potential and the sum of the known potentials.1353

16 E sample =E tot -(E ref + E MJ +E E )1354

Where: The potential difference at the membrane or pin in the electrolyte electrodes can be expressed by the1355
Nernst equation: The K + electrode is an ion selective electrode whose sensing element is a PVC membrane1356
containing a potassium-neutral ion carrier. The ion sensitive membrane is covered with a cellophane membrane1357
in order to protect it from the samples. The electrolyte has a constant and known concentration of potassium1358
ions. When a sample is brought in contact with the electrode, a potential develops across the PVC and1359
cellophane membranes. The potential depends on difference between the potassium (more precisely, activity)1360
in the electrolyte and the sample. If the cK + in both solutions is the same, the potential across the electrolyte1361
tip will be 0 volt. The total potential cross the electrode chain is a sum of the potential differences at each of1362
the elements in the chain, all but one of which is known and constant. The unknown potential difference across1363
the ion selective membrane or pin is then the difference between the measured total potential and the sum of the1364
known potentials.SymbolE sample =E 0 + 2.1365

17 E sample =E tot -(E ref + E MJ +E E )1366

Where:1367

18 Symbol1368

Potential The potential difference at the membrane or pin in the electrolyte electrodes can be expressed by the1369
Nernst equation: The Clis an ion selective electrode whose sensing element is a PVC membrane containing a1370
chloride ion carrier. The ion sensitive membrane is covered with a cellophane membrane in order to protect it1371
from the samples. The electrolyte has a constant and known concentration of chloride ions. When a sample is1372
brought in contact with the electrode, a potential develops across the PVC and cellophane membranes.E sample1373
=E 0 + 2.1374

The potential depends on difference between the chloride (more precisely, activity) in the electrolyte and the1375
sample. If the cClin both solutions is the same, the potential across the electrolyte tip will be 0 volt.1376

The total potential cross the electrode chain is a sum of the potential differences at each of the elements1377
in the chain, all but one of which is known and constant. The unknown potential difference across the ion1378
selective membrane or pin is then the difference between the measured total potential and the sum of the known1379
potentials.E sample = E tot -(E ref + E MJ +E E )1380

19 Where1381

20 Symbol1382

Potential (Electrolyte electrode)1383
The potential difference at the membrane or pin in the electrolyte electrodes can be expressed by the Nernst1384

equation:E sample = E 0 + 2.3 RT/nF log ? Cl -1385
Where:1386
E 0 = Standard electrode potential R = Gas Constant (8.3143 J x K -1 mol -1 ) T = Absolute temperature1387

(310.15 K at 37 0 C) n = Charge on ion F = Faraday constant (96487 coulomb x mol -1 ) ? Cl -= Activity of1388
chloride ion Reference range: 96 -106 mmol/L 1. pH Estimation: Measurement is based on the potentiometric1389
measuring principle. The pH electrode is a pH sensitive glass electrode. The pH sensitive glass membrane is1390
located at the tip and seals the inner buffer solution with a constant and known pH.1391

2. LDH Estimation: Lactate Dehydrogenase catalyses the conversion of L Lactate to Pyuruvate.NAD + is1392
reduced to NADH in the process. The initial rate of NADH formation is directly proportional to the catalytic1393
LDH activity. It is determined photo metrically measuring the increase in absorbance.1394

The equipment used was Cobas 6000.1395
3. Haemolysis: Was assessed by visual inspection of blood bags, carefully, before and after processing.1396
V.1397

21 Statistical Analysis1398

After all the parameters of the samples had been obtained, data was subjected to Statistical analysis. Means,1399
Standard Deviation and .95 Confidence Intervals were calculated for each of the parameters. To study the1400
difference in the mean values of the parameters of each bag type, over days of storage from mean baseline value,1401
One way Analysis Of Variance followed by F test (significance level .001) was applied. Significant F ratios were1402
followed by Fischer’s least significant difference method (protected t test) at .05 level of significance for testing1403
null hypothesis of no significant difference between baseline mean value and values obtained on different days.1404
Error bars indicate 0.95% confidence intervals. All data was analyzed using SPSS Version 21 (SPSS Inc., Chicago,1405
IL, USA). Graphical representations were done using Mat Lab.1406
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29 EFFECT OF PROCESSING AND STORAGE ON HAEMOGLOBIN
LEVELS

22 VI.1407

23 Ethical Considerations1408

According to guidelines set up by ICMR (1994) and Helsinki declaration (modified 2000). The following will be1409
adhered to in all donors enrolled in the study.1410

1. The donors involved in the research project will be volunteers and informed participants. 2. Each donor1411
will be adequately informed of the aims, methods, the anticipated benefits and the potential risks of the study1412
and the discomfort it may entail to him/her and the remedies thereof.1413

3. Every precaution will be taken to respect the privacy of the donors, the confidentiality of the patient’s1414
information and to minimize the impact of the study on his/her physical and mental integrity and his/her1415
personality. 4. The donor will be given the right to abstain from participation in the study or to withdraw1416
consent to participate at any time of the study. 5. Due care and caution will be taken all stages of the research1417
to ensure that the donor or patient is put to the minimum risk, suffer from no irreversible adverse effects and1418
generally benefit from and by the research. 6. Written informed consent is obtained from all the persons included1419
in the study. 7. The investigations involved were usually undertaken as routine workup and as such no major1420
ethical issue was involved in the study.1421

VII.1422

24 Observations and Results1423

The present study was a prospective study, conducted over a period of one year, in which a total of 106 red cell1424
units collected from voluntary and replacement donors were studied for haematological and biochemical changes1425
over a period of 28 days in the Department of Immunohaematology and Blood Transfusion, Dayanand Medical1426
College and Hospital, Ludhiana, Punjab.1427

Blood collection was done in four types of blood bags. The types and number stored blood bags which were1428
studied are as follows: The stored red cell units were assessed for various quality parameters by obtaining sample1429
representatives of the bags on day 0 of collection, day 1 after processing to packed Red cells and on subsequent1430
days 7, day 14, day 21 and day 28 from Triple, Quadruple and Integral Bags.1431

For Single Bags, Sample representatives were collected on day 0, and subsequently on days 7,14,21 and 28,1432
since these bags stored whole blood and involved no processing.1433

Samples were obtained in EDTA Vials to assess the haematological parameters and in Plain vials for1434
Biochemical parameters. The blood sample were centrifuged at 1000 rpm for 10 minutes and supernatant plasma1435
was removed for processing and testing.1436

Visual inspection of the plasma indicated haemolysis. Pinkish discoloration was indicative of hemolysis taking1437
place. It was observed in three triple CPD+SAGM Bags, on day Effect of processing and storage on Plasma1438
Sodium levels: For all types of bags, there was a statistically significant (p<.001) difference in Mean sodium1439
values on different days of storage (Table ??). There was a progressive decrease in mean sodium values with1440
increasing days of storage ( Figure 11441

25 Effect of processing and storage on Chloride levels1442

For all types of bags, there was a statistically significant (p<.001) difference in Mean chloride values on different1443
days of storage.(Table ??).There was a progressive decrease in mean chloride values with increasing days of1444
storage as shown in Figure 3.1445

26 Effect of processing and storage on pH levels1446

For all types of bags, there was a gradual decrease in the pH, but there was no statistically significant (p>.05)1447
difference in Mean pH values on different days of storage. (Table ??, Figure 4)1448

27 ANOVA P1449

Effect of processing and storage on LDH levels For Single bags, Triple and Quadruple bags a statistically significant1450
difference (p<.001) in LDH was found across difference days of storage. There was a gradual increase in LDH1451
with increasing days of storage. (Figure 5) No statistically significant difference (p>.05) difference in mean values1452
of LDH on different days was found in case of Integral Bags.(Table ??)1453

28 Effect of processing and storage on Total Leukocyte count1454

There was a decrease in levels with storage period as shown in Table ?? .The decrease was found to be significant1455
for only Integral and Quadruple Bags with increasing days of storage (p<0.001). Figure ?? shows the decrease1456
after processing on Day 1.1457

29 Effect of processing and storage on Haemoglobin levels1458

There was a gradual decrease in levels with storage period as shown in Table ??. The decrease was found to be1459
significant for all Integral, Triple and Quadruple groups of bags during 28 days of storage.1460
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30 Effect of processing and storage on Haematocrit levels1461

There was a gradual decrease in levels with storage period as shown in Table ??. The decrease was found to be1462
significant for all Integral, Triple and Quadruple groups of bags during 28 days of storage.1463

31 Discussion1464

Blood banking attempts to bring the potentially life-saving benefits of transfusion to the patients who need them1465
by making blood components available, safe, effective and cheap. Blood banks try to maximize delivering getting1466
blood from the right donors to the right patients in a timely manner. The easiest way to assure the timely1467
availability of blood is to have an appropriate inventory on the shelf at all times.1468

Standards for blood banking have evolved in response to problems observed in the past. Donors need to be1469
free of syphilis, hepatitis, and human immunodeficiency virus (HIV) and from a host of other Blood bags should1470
contain the appropriate solutions and be sterile. Systems for the identification of donors and patients, for the1471
determination of antigens on their blood cells and the antibodies in their sera, and for the procedures and processes1472
used to gather and maintain this information should be robust. Regulatory agencies attempt to assure safety by1473
enforcing the standards noted above. They attempt to assure effectiveness by demanding demonstrations that1474
a reasonable fraction of red cells, platelets and plasma proteins survive after storage before licensing new blood1475
storage systems or blood modifying products like leukocyte reduction filters. Yet the reasonable fraction for red1476
cells is 75%, for platelets is 67%, and for plasma proteins is 80%.1477

Better understanding of the basic biology and better tests on which to base better standards are needed.1478
Red blood cells are the most commonly transfused blood component. The units are collected either as whole1479

blood into bags containing anticoagulant citrate and nutrient phosphate and dextrose (CPD) or by apheresis into1480
acid citrate dextrose (ACD). The whole blood is centrifuged to bring down the heavier red cells, and the red1481
cells separated from the rest of the blood. Separation is accomplished in two different ways. One way involves1482
draining the red cells out of a port in the bottom of the bag, leaving behind a few red cells, the buffy coat of1483
white cells and platelets, and the plasma on top. This is called the buffy coat method, and the bags that support1484
it are called top and bottom bags. The other method involves centrifuging the blood less hard to leave many of1485
the platelets still suspended in the plasma. In this process, making concentrated red cells involves squeezing the1486
platelet-rich plasma off the top to leave the red cells, the buffy coat of white cells and some platelet-rich plasma1487
behind. This is called the platelet-rich plasma method of component manufacture. Typically, the concentrated1488
red cells are then run through a leukocyte reduction filter, which removes most white cells and platelets, and an1489
additive solution containing more nutrients is added to support longer storage and dilute the units so that they1490
are less viscous and flow well during emergency administration. For the apheresis units, the collection method1491
removes most of the white cells and platelets, and the additive solution is added directly to the collected red cell1492
concentrate.1493

The platelet-rich plasma method loses and possibly damages platelets, the buffy coat method loses some red1494
cells, and the apheresis method is expensive.1495

None of these methods is particularly well optimized. The use of ACD and CPD is a legacy of the days when1496
these were the best 3-week whole blood storage solutions available. They are acidic with a pH of 5 to 5.8 so1497
that the dextrose does not caramelize when the solutions are autoclaved. However, mixing whole blood with1498
these acidic anticoagulants immediately drops the pH of the resulting suspension to about 7.1 leading to rapid1499
breakdown of red cell 2,3diphosphoglycerate (2,3-DPG). If whole blood is drawn into neutral citrate, it would1500
preserve 2,3-DPG better and avoid exposing many intensive care and brain injured patients to the high dextrose1501
loads that end up in conventional blood plasma. There is enough glucose in the blood of healthy donors to1502
support the cells until the donated blood is processed into components. In the early days of blood banking,1503
whole blood was stored for up to five days in citrate alone.1504

Over subsequent weeks of storage, red cells consume dextrose through glycolysis and the hexose monophosphate1505
shunt to produce adenosine 5’triphosphate (ATP) and reducing substances. The production of all of these1506
metabolic intermediates goes down over the course of storage as the glycolytic endproducts, organic acids and1507
protons, accumulate. As pH falls, the protons specifically feed back to slow the rate of glycolysis. Conventional1508
red cell additive storage solutions support stored red cells for about 6-weeks of storage but fail rapidly thereafter.1509
Between a pH of 7 where red cell storage typically starts and 6.5 where it ends, a unit of red cells can buffer1510
about 7 mEq of protons. Raising the pH to 7.2 at the beginning of storage with either a less acid anticoagulant1511
or a more basic additive solution can add another 3 mEq of buffer capacity as can the addition of physiologic1512
amounts of bicarbonate .These changes can allow the continued production of ATP for 8-9 weeks. They result in1513
higher concentrations of ATP at all of the points in between. Higher concentrations of ATP support the actions1514
of the enzymes that keep negatively charged phospholipids on the inside of the membrane, exclude calcium, and1515
limit the loss of membrane in apoptotic vesicles. These actions extend potential shelf-life by extending viability.1516

In the U.S. and Europe, the licensure of red blood cell storage systems has been based on measures of the1517
viability and physical integrity of the stored cells. The viability of red cells is typically measured as the fraction1518
of cells at the end of storage that are able to circulate. Physical integrity, a necessary but not sufficient condition1519
for viability, is measured as fractional haemolysis.1520

The standard measure of viability is the 24-hour in vivo recovery. In making this measurement, about 15 mL1521
of stored red cells are labeled with chromium 51-and reinfused into the original donor. Measurement of the total1522
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32 A) RED CELL HAEMOLYSIS

administered dose allows an estimation of the volume of dilution and timed sampling at 5, 7.5, 10, 12.5, and 151523
minutes allows back extrapolation to that original concentration as well. Following the subsequent concentration1524
allows ongoing clearance to be monitored, and recoveries greater than 75% at 24 hours are considered acceptable.1525
Current storage systems maintaining leukocyte-reduced red cells in additive solutions provide about 84 ± 8 %1526
viability after 6 weeks storage A major remaining problem associated with red cell storage is that viability is1527
very different from one donor to another. Being able to identify those donors whose cells store well is potentially1528
useful for recipients such as children with Thalassemia or sickle cell anaemia who can become iron overloaded1529
from repeat transfusions. From a unit with poor recovery, such a child receives all of the iron but only a fraction1530
of the anticipated useful red cells. Giving the cells with high recovery and long survival to these children reduces1531
the burden and cost of iron chelation therapy. We deal with this problem now by giving such children fresh cells1532
when we can, but as the number of individuals increase, this becomes more difficult. Measures that would allow1533
a blood banker to choose the best red cells for this situation could improve care and markedly reduce health1534
system cost.1535

Sawant et al have reported significant increase in plasma potassium in red cell units over 28 days of storage1536
for all the three types of blood bags 32 . Similar findings for plasma potassium levels in red cell units were1537
reported by Michael et al. 32 They studied the plasma potassium concentrations, unit weights, and hematocrit1538
of 20 units of stored whole blood. 27 units of stored packed red cells, and 20 units of packed cells prepared from1539
stored whole blood of various ages during the 21-day storage period. They found that the plasma potassium1540
levels increased in all the three groups with increase in the period of storage. During the 21-day storage period,1541
total plasma potassium content per unit increased in stored packed cell units at the same rate as in stored whole1542
blood units, because plasma potassium concentration increased in stored packed cell units at three times the rate1543
of stored whole blood units. The mean values for total plasma potassium per unit after 21 days of storage period1544
in mEq/unit were: stored whole blood units 5.8, stored packed cells units 4.4 and packed cells units prepared1545
from stored whole blood units 2.5.1546

In literature, several factors have been implicated for abnormal hemolysis in red cell units which include1547
inappropriate handling during processing, improper storage conditions, bacterial hemolysins, antibodies causing1548
complement mediated lysis, and red cell membrane defects or abnormality in the blood donor. Hemolysis can also1549
occur if the ratio of blood to anticoagulant is not maintained during blood collection. Excess of blood with respect1550
to anticoagulant can cause clot formation whereas excess of anticoagulant with respect to blood may damage the1551
red cells in the collected unit. Hemolysis during processing can occur due to various reasons like delay between1552
collection and processing, high centrifugation speed, rapid addition of additive solution to packed red cells and1553
variation in the quality of blood storage bags. It has been shown that mechanical stress from centrifugation or1554
agitation can cause an increase in the hemolysis of red cell units if they are stored as packed red cells or the, units1555
are stored for longer period (near expiry date).Mechanically stressed red cell units show progressively greater,1556
signs of red cell damage as the storage period increases. This is because it accelerates the adverse effects of1557
storage which can cause haemolysis. There is an increase in plasma potassium levels during storage of red cell1558
units at 4°C because of inhibition of sodium potassium-ATPase in the red cell membrane. There is diffusion of1559
sodium into the cells with leakage of potassium into the storage medium, until a new equilibrium is established.1560
Red cell lysis during storage also contributes to increase in plasma potassium levels in red cell units leading to1561
increase in plasma potassium levels with increase of storage period.1562

For general surgical patients whose transfusions are replacement for blood lost, the extra iron helps them1563
rebuild their own blood, but the load of effete red cells that must be cleared in the first 24 hours after the1564
transfusion of poorly-stored blood may cause additional problems. Increased incidences of both postoperative1565
pneumonia and metastatic cancer after transfusion are well-recognized phenomena and may in part be related to1566
the number of non-viable red cells presented to limited clearance mechanisms. Again, a better understanding of1567
the red cell storage lesion might improve overall blood safety.1568

Obvious mechanisms of the red cell storage lesion are the metabolic consequences of the increasingly acid1569
storage environment and the oxidative injury to be associated with keeping oxygen, haeme, and iron in the1570
same bag. Blood is collected at venous oxygen saturation, about 75%, where met-haemoglobin and superoxide1571
generation are maximal. In healthy cells, methemoglobin reductase and superoxide dismutase are highly active,1572
and secondary damage is limited. As stored red cells lose energy, the lifespan of these undesirable species increases1573
with increased opportunities for secondary damage. With the exception of a few specific severe enzymatic defects1574
that limit blood donation anyway, it is not known whose red cells are most susceptible to damage or if the1575
addition of antioxidants such as vitamin E or n-acetyl cysteine can safely improve storage. There is a need for1576
combined conventional storage experiments and quantitative proteomics on the red cells left in a bag after the1577
15 mL needed for recovery measures are removed.1578

32 a) Red cell haemolysis1579

The second standard measure in the licensure of red cell storage systems is the percent haemolysis. Haemoglobin1580
is 98% of the non-water content of red cells, and when they rupture, haemoglobin is released into the1581
suspending fluid. There, it can be detected as an increasingly red colour to the supernatant and measured1582
spectrophotmetrically. In the U.S., haemolysis must be less than 1% at the end of storage and, in Europe, less1583
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than 0.8%. These numbers are arbitrary, and typical modern red cell storage systems average less than half those1584
values.1585

There are three major determinants of the amount of haemolysis in any given unit of red cells. Haemolysis1586
increases with the duration of storage, it is reduced by leukoreduction, and individual variation accounts for1587
most of the remainder. Storage duration dependent haemolysis can be reduced by suppressing apoptosis-related1588
microvesiculation by improving glycolytic energy flux throught the storage period. Removing most white cells1589
early, reduces red cell damage from proteases and phospholipases released when retained white cells break down.1590

Haemolysis is not usually a clinical problem, but it can be for patients with ongoing intravascular haemolysis1591
or massive transfusions. A typical unit of red cells contains about 69 gm of haemoglobin, one millimole of the1592
69 kD haemoglobin tetramer. Haemolysis is typically 0.4% at the end of storage, of which only half is free,1593
outside of vesicles. Outside the red cell or the vesicles the tetramer dissociates into dimers, which in turn bind1594
to haptoglobin dimers with 1:1 stoichiometry. Haptoglobin, normally circulates at 10-52 ?M concentration in1595
plasma, so it typically takes at least 15 units of red cells to overwhelm this system. However, patients with1596
haemolytic anaemia may have already consumed their haptoglobin and small increases in free haemoglobin can1597
lead to greater nitric oxide scavenging and more severe pulmonary and systemic vasoconstriction. It would be1598
useful to be able to identify donors with very high levels of storage haemolysis.1599

Sawant 32 et al found that the RBC units in SAGM showed a higher level of hemolysis as compared to those in1600
Adsol. Zimmermann 42 et al have also reported similar findings. This increased level of hemolysis in SAGM units1601
can be attributed to the preparatory technique i.e., the PRP method in which the additive solution (SAGM) is1602
added to the packed red cells after separation of the PRP. Sudden exposure of RBCs to additive solutions in the1603
blood storage bags may result in either damage or lysis of the more fragile populations of RBCs due to change1604
in osmolality. Factors relating to preparative procedures, which could have caused haemolysis are large variation1605
in centrifugation speeds, rapid re-suspension of packed red cells in additive solutions and variations in blood1606
storage bag configurations or compositions. Hogman 31 et al have reported that the type of storage containers1607
can significantly affect RBC hemolysis during storage.1608

Sawant 32 in his study used the bags for storage that were made of polyvinyl chloride (PVC) with di-1609
(2ethylhexyl) phthalate (DEHP) as plasticizer. DEHP has been shown to decrease the rate of hemolysis during1610
storage. Polyvinyl chloride (PVC) plasticized with DEHP is the standard material used for RBC storage bags.1611
An extractable plasticizer like DEHP improves RBC storage by reducing hemolysis and membrane loss by1612
microvesiculation. RBC units that are damaged during the preparative procedures and then stored in non-DEHP1613
bags are more likely to hemolysed either during storage or further manipulation or handling. The difference in1614
extent of hemolysis that they found in the three different blood bag types was not due to the type of plasticizer1615
since DEHP was uniformly used in all three bag types. Zimmermann et al. (2003) have reported significantly1616
lower hemolysis in RBC’s in AS-1 (Adsol) compared to RBC’s in SAGM. However the authors found that RBC1617
concentrates containing SAGM from one single manufacturer had higher invitro hemolysis at the end of shelf life1618
compared to all other manufacturers and therefore the increased hemolysis was not due to the kind of additive1619
solution.1620

Improved red cell viability with Adsol causing only 0.3% hemolysis at 42 days as against 0.58% with other1621
solutions like SAGM has been reported (Unpublished data). Studies conducted by various investigators to1622
quantify the levels of plasma Hb in packed red cell units during storage showed significant increase in free Hb.1623
At 26 days of storage, an unfiltered unit of packed RBC’s in Adsol has plasma Hb level of 90.2 mg dl -1 (range,1624
46.5 to 151.5 mg dl ??1) Sawant reported that the RBC units stored in Adsol (TAB blood bags and BC method)1625
had minimum haemolysis (Mean = 0.29%, Range: 0.14% to 0.5%). Maximum hemolysis (mean-0.35%, range:1626
0.12% to 0.7%) was associated with RBC units stored in SAGM whereas the CPDA-1 RBC units showed mean1627
0.31% hemolysis (range: 0.07% to 0.68%). The additive solutions SAGM-2 and Adsol have been used popularly1628
for extended storage of RBC units. The marginal increase in hemolysis in the SAGM units could be due to the1629
higher content of Dextrose monohydrate IP (2200 mg vs 900 mg) and Mannitol (750 mg vs 525 mg) in Adsol1630
compared to SAGM.1631

The above difference in the composition of the two additive solutions might be contributory to lysis in addition1632
to the differences in the preparatory techniques (PRP Vs BC methods). Janatpour et al have also reported higher1633
level of hemolysis in CPDA-1 units compared to Adsol units.1634

During storage leukocytes break down and release a number of chemicals and enzymes such as hydrogen1635
peroxide and proteases. These proteases released by leucocytes during storage have been reported to cause RBC1636
lysis during storage.1637

There are many variables in the preparation of blood components influencing the final quality. These include1638
the duration and force of centrifugation, the separation procedure, the configuration of blood bag sets and1639
composition of anticoagulants and storage solutions. Therefore there is no doubt that blood components from1640
different manufacturers differ in parameters that characterize their quality.1641

Although accurate evaluation of hemolysis in RBC units has relevance to transfusion recipient safety, it is1642
also an important quality indicator of blood manufacturing processes. Hemolysis is a very important parameter1643
for assessing the quality of stored RBC’s. Hemolysis of red cell units occurs during processing for component1644
separation and also due to repeated handling during storage, issue and transport before transfusion to the1645
patient. The extent of hemolysis however does not exceed the permissible threshold for hemolysis up to day 28 of1646
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32 A) RED CELL HAEMOLYSIS

storage. Visual assessment of hemolysis leads to inadvertent discard of precious RBC units and therefore routine1647
quantitative analysis for hemolysis in a blood component production setting must be done using methods like1648
TMB or Hemocue plasma Hb analyzer. Red cell units that are likely to have excess of hemolysis for e.g., units1649
nearing their outdate period, over-collected or under-collected units, those returned after being issued should be1650
subjected to quantitative analysis for extent of hemolysis before a decision to discard them is taken.1651

Of the various methods that are available for the assessment of haemolysis, the visual method is the simplest;1652
however the results are often inaccurate, misleading, and result in overestimation of haemolysis in red blood cells1653
units. In a study comparing spectrophotometric method and the photometric methods, Cardigan 28 demonstrated1654
that both methods gave comparable results. Makroo 32 RN in his study adopted the photometric method1655
(HemoCue plasma hemoglobin analyzer) for the assessment of hemolysis. Adias TC and Moore Igwe B 97 in1656
their study on Storage Related Haematological and Biochemical Changes of CPDA-1 Whole Blood have observed1657
changes in the hematological parameters that were categorized based on whether the initial days mean values were1658
maintained when compared with other days, (below the lowest normal value), normal (within the normal range),1659
or high (above the highest normal value), some of the hematological parameters analyzed decreased or increased.1660
MPV and LPCR showed drastic increase from day 14 down to day 28. This agrees with the work done by1661
Cohl 30 Assessment of Storage Related Haematological and Biochemical Changes in Blood Units anticoagulated1662
blood specimen, found that Mean Platelet volume initially increased steadily, reaching a maximum mean percent1663
change on day 5, and on day 6 and 7, the mean percentage change had drastically increased. The collection,1664
processing and storage of platelets for clinical use have undergone significant changes over the last few decades1665
and novel approaches are being investigated to develop improved platelets products on new anticoagulant and1666
additive solutions, modified storage containers and collection sets, procedures for virus and bacterial inactivation,1667
chemical and physical methods to maintain the shelf life in development of artificial or pseudo artificial platelet1668
products. When the mean values of WBC on day 1 was compared to day 7, it was observed that there was1669
rapid deterioration in granulates WBC. These changes in white blood cells are most likely due to the sum effects1670
of the loss of individual cell characteristics specifically degeneration that is known to occur as the cell ages .1671
Clinical implications collectively known as the RBC storage lesion, is in part related to bioreactive substances1672
released by leucocytes in the storage medium, such as histamine, lipids, and cytokines, which may exert direct1673
effects on recipients, but many others are related to metabolic activity with the senescence, such as membrane1674
vesiculation, decrease in cell size, increase of cell density, alteration of cytoskeleton, enzymatic desilylation and1675
phosphatidylserine exposure. A progressive increase in red cell distribution width was noticed in this study, after1676
comparison of the mean cell value of day 1 and 14 and this agrees with the study of Cohl et al 30 . Other1677
hematological parameters remained fairly stable during this study period, hence may be considered acceptable1678
for clinical utility. In this study, potassium increased within the period of 7 days and continued subsequently.1679
The only important electrolyte change in stored blood is that of potassium. During blood storage there is1680
a slow but constant leakage of potassium from cells into surrounding plasma. In severe kidney disease even1681
small amount of potassium fluctuations can be dangerous and relatively fresh or washed red cells are indicated.1682
Potassium loss is recognized to be secondary to the changes in metabolic activity with cooling. The loss of1683
DPG and reduced glycolytic activity are also related to decreasing pH. The leakage of potassium from cells1684
into surrounding plasma may be responsible for the drastic progression in potassium increase in this study.1685
Sodium on the contrary reduced, suggesting that sodium in stored whole blood may produce adverse effect after1686
transfusion. The increase in potassium value and reduction in sodium value simply indicates the preference of1687
component therapy to whole blood transfusion. The results reported herein have significant implications for1688
blood transfusion managers, persons who work at the transfusion centres, public health officials, and clinicians,1689
and suggest an urgent need for the introduction of policies for safe transfusion practices and education among1690
blood donors and staff members at the centres. This is necessary because the demand for blood in DMCH is high1691
as a result of excessive incidence of infections that cause anaemia, malnutrition, surgical emergencies including1692
road traffic accidents, and obstetrical emergencies associated with blood loss. Rapid degeneration of leukocytes1693
could lead to immunodulation related to blood transfusion. Whole blood should be leukodepleted before storage1694
if it must be used beyond one week.1695

Similar effects of leucoreduction have been observed by other authors in different studies. ??eaton 31 et al1696
found significantly lower hemolysis (p < 0.05) and plasma potassium level in the leucoreduced group compared1697
to the non-leucoreduced group after 42 days of storage. Leucoreduced units were found to show approximately1698
one-third hemolysis as compared to the non-leucoreduced group. AuBuchon et al also reported that hemolysis in1699
leucoreduced units was reduced by 5 percent as compared to the non-leucoreduced units 32 . In an another study1700
on leucoreduction done in Canada in 2005, significant differences in hemolysis and red cell osmotic fragility were1701
noted between leucoreduced units and non-leucoreduced units from day 7 onwards. In this study, the authors1702
observed that by the end of 42 days of storage, the leucoreduced units showed 60 percent less hemolysis than1703
the non-leucoreduced units. Most studies ascribe improved red cell survival of leucoreduced units, to the lack of1704
enzymes, cytokines and free radicals derived from leucocytes in such units. Studies have shown that the presence1705
of leucocytes thus can damage the membrane of red cells resulting in potassium leakage, acceleratel glycolysis1706
and compromised ATP preservation. The deleterious effects of leucocytes on the quality of blood had lead to1707
leucoreduction of red cell units. Many developed nations like Canada, France, and Britain have now adopted1708
universal leucoreduction.1709
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Besides the storage changes described above, there are other changes in stored red cells which are documented1710
in literature. However, these parameters could not be included in our study due to limited resources and time1711
constraints. These include progressive decline in the levels of 2, 3-DPG and ATP. Depletion of 2, 3-DPG level1712
in blood results in increased affinity of hemoglobin for oxygen which decreases the oxygen delivery to tissues in1713
transfused patients. Levels of 2, 3-DPG fall quickly during the storage of red cell units, becoming undetectable1714
within 2 weeks. However, the clinical effect is small from this dramatic fall in 2, 3-DPG level as multiple authors1715
have failed to find a significant effect from the transfusion of red cells depleted in 2, 3 DPG. Normalization of1716
2, 3-DPG level begins within hours of transfusion and is completely restored within 48 to 72 hours. 89, 90 The1717
fall in ATP level is greater when blood is stored beyond 5 weeks. ATP is required for many activities in red cell1718
including maintenance of Na+-K+ ATPase pump, fed cell membrane stability, glucose transport, oxidative stress1719
defense mechanisms, membrane phospholipid distribution, and regional vasodilation under hypoxic conditions.1720

Hence it is known that when red cell units are stored in the blood bank due to inherent red cell storage lesions,1721
changes occur both in red cells and the suspending medium. Though there is a spectrum of changes which takes1722
place in red cell units during storage, the changes of clinical significance include red cell hemolysis and increased1723
plasma potassium levels. Red cell units with high potassium content should be avoided in situations where it1724
can be harmful to the recipients such as cardiac patients, neonates, massively transfused patients and those with1725
renal failure. Red cell units can be washed to reduce the plasma potassium content if fresh red cell units are not1726
available. In addition storage, handling and processing of red cell units can have an impact on red cell storage1727
lesions. In the literature, several factors have been implicated for abnormal hemolysis in red cell units which1728
include inappropriate handling during processing, improper storage conditions, bacterial hemolysins, antibodies1729
causing complement mediated lysis, and red cell membrane defects or abnormality in the blood donor. The red1730
cell units with excessive hemolysis can be harmful to the transfusion recipient. Presently most of the blood centers1731
use visual inspection for identification of such units. But this method is highly subjective and the supernatant1732
colour starts appearing visibly red to unaided eyes at plasma hemoglobin concentration of 40 mg/dl, which is1733
much below 1% hemolysis. If visual inspection is used to identify units with excessive hemolysis, it would lead1734
to unnecessary discarding of the red cell units. Therefore when excessive hemolysis of red cell units is suspected,1735
assessment of plasma hemoglobin may be performed using quantitative methods like TMB and Hemocue plasma1736
method.1737

Benefits of leucoreduction include prevention of febrile non hemolytic transfusion reactions, transmission of1738
leucotropic viruses, and platelet refractoriness. Hence, leucoreduction offers along with above mentioned benefits,1739
the improved quality of stored blood. Many developed nations like Canada, France, and Britain have adopted1740
universal leucoreduction. However it may not be practically feasible to implement universal leucoreduction in a1741
developing country like ours; hence selective leucoreduction for specific indications can be undertaken to improve1742
the quality of stored blood.1743

Red cells, platelets and plasma all have important roles in medical care, high efficacy for their primary1744
indications, and no obvious replacements in the foreseeable future. Blood collection centres and hospital1745
transfusion services will remain largely as they are in the immediate future. There are no alternatives.1746

IX.1747

33 Summary and Conclusion1748

Despite the advancement in red cell storage solutions, there are inherent changes that occur during ex vivo1749
preservation of blood both within the red cells and in the storage medium, these have been collectively termed1750
as red cell storage lesions.1751

a) The most salient biochemical changes occurring in stored red cell units1752
In the present study we found that the plasma potassium levels increased during the 28 day storage period in1753

all four groups (p <0.001). Since the Triple CPD + SAGM bags, Quadruple and Integral CPD + SAGM bags1754
were subjected to processing, this finding shows the effect of processing in addition to storage on these red cell1755
units. This observation shows that gradual hemolysis of red cells takes place with increase in the storage period1756
of red cell units.1757

? Effect of leucoreduction on plasma potassium levels during storage The effect of leucoreduction on plasma1758
potassium levels was also studied during storage.1759

1. For Integral Bags, highest mean potassium was found on day 28 and the rise was maximum between day1760
1 to day 7 of storage. The change in potassium concentration following processing from day 0 to day 1 was not1761
significant. 2. For Quadruple Bags CPD-SAGM bags, the highest mean potassium was found on day 28 and the1762
rise was maximum between day 7 to day 14. 3. For Triple CPD-SAGM bags, the highest mean potassium was1763
found on day 21, followed by day 28. However the difference between the two is not statistically significant and1764
could be due to sampling error (p<.05) 4. For CPDA single bags with whole blood, the highest mean potassium1765
was found on day 28 and the rise was maximum between day 21 to 28.(p<0.001) Significant mean difference1766
(p<.001) was found between potassium levels of leucoreduced Integral bags and Triple Bags from days 1 to day1767
21 with mean for Triple Bags being greater than Integral Bags. No significant difference was found on day 28.1768
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34 The most salient haematological changes occurring in stored1769

blood units:1770

1. There is no significant difference (p>.05) in1771
Haematocrit for Integral CPD+SAGM Bag with leukoreduction filter from the day of processing upto Day 28.1772

2. There is a significant decline (p<.05) in Haematocrit for Quadruple CPD+SAGM Bag on day 28 as compared1773
to mean Haematocrit on day of processing (Day 1). To conclude and summarize the most important findings of1774
our study:1775

1. When red cell units are stored in the blood bank, due to inherent red cell storage lesions, changes occur1776
both in red cells and the suspending medium. These storage changes increase with the duration of storage of1777
red cell units. 2. Prestorage leucoreduced red cell units showed significantly lower plasma potassium levels as1778
compared to non-leucoreduced red cell units. Hence, such leucoreduced units should be used to further improve1779
the quality of stored blood. 3. It can be concluded that the fall in haematocrit with storage is least when Blood1780
is preserved in CPD+SAGM bags with Integral Leukoreduction filters.1781
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-

Baseline Day 0 Day 1 Day 7 Day 14 Day
21

Day
28

F
value

ANOVA
P

SINGLE (n=17)
5.04 ± 1.09 12.52 ± 6.29 16.78 ± 6.42 20.84

±
7.5

26.11 ± 1.88 14.45 <.001

INTEGRAL (n=14)
5.54 ± 2.14 5.95 ± 3.27 9.58 ± 4.33 16.95 ± 5.37 21.69 ± 7.33 27.19 ± 11.7 20.04 <.001
TRIPLE (n=52)
6.68 ± 5.64 13.59 ±11.85 18.80 ± 8.79 23.34 ± 9.72 30.86 ± 9.72 31.16 ± 8.47 59.50 <.001
QUADRUPLE (n=15)
7.57 ± 5.58 9.93 ± 7.37 15.05 ± 6.31 21.24 ± 9.61 26.48±11.06 30.88±13.07 15.12 <.001
Note: Values are represented as mean ± SD
Effect of processing and storage on Plasma Potassium values on different days of storage.(
levels
For all types of bags, there was a statistically
significant (p<.001) difference in Mean Potassium

Figure 3: Table - 2

2

Figure 4: Table 2 )

-

Baseline Day 0 Day 1 Day 7 Day
14

Day
21

Day
28

F value ANOVA P

SINGLE (n=17)
104.88 ± 2.96 95.29 ± 9.45 92.59 ± 8.57 88.29 ± 4.77 87.29 ± 5.91 18.46 <.001
INTEGRAL (n=14)
104.14 ± 2.71 108.36±5.27 103.00±7.14 92.71± 5.09 87.21 ± 5.87 83.71± 6.27 45.70 <.001
TRIPLE (n=54)
97.81 ± 11.46 94.59±15.45 95.3 ± 10.34 86.27±11.61 75.98±11.34 77.91±14.74 29.92 <.001
QUADRUPLE (n=17)
99.94 ± 8.22 99.82 ± 9.81 93.47±18.96 85.65±15.18 82.12±15.57 82.53±15.05 5.71 <.001
Note: Values are represented as mean ± SD.

Figure 5: Table - 3
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-

Baseline
Day 0 Day 1 Day 7 Day 14 Day 21 Day 28
SINGLE (n=15)
7.19 ± 0.6 6.91 ±

0.41
6.99 ±
0.61

6.93 ±
0.65

6.88 ±
0.54

0.75 >.05

INTEGRAL (n=13)
7.02 ± 0.56 6.98 ±

0.57
7.08 ±
0.49

6.91 ±
0.57

6.79 ±
0.51

6.73 ±
0.54

0.86 >.05

TRIPLE (n=52)
7.08 ± 0.5 7.05 ±

0.56
6.98 ±
0.57

6.97 ±
0.47

6.93 ±
0.55

6.81 ±
0.48

1.67 >.05

QUADRUPLE (n=17)
7.25 ± 0.48 7.12 ±

0.6
7.02 ±
0.48

7.14 ±
0.58

6.89 ±
0.43

6.76 ±
0.39

2.16 >.05

Note: Values are represented as mean ± SD.

Figure 6: Table - 4

-

5: Levels of LDH (IU/l) in various bags on different days of storage
Baseline Day 0 Day 1 Day 7 Day

14
Day
21

Day
28

F
value

SINGLE (n=16)
936.8±659.96 1332.9±619.6 1553.7±689.8 1546.6±715.9 1994.00±922.1 4.86 <.01
INTEGRAL (n=12)
614.6 ± 266.1 602.7±309.3 679.8 ± 481.7 913.7 ± 600.5 971.5 ± 664.9 993.8 ± 844.7 1.59 >.05
TRIPLE (n=56)
878.5 ± 533.2 1485.02±1042.3 1529.3±585.7 2036.7±738.3 2289.6±708.6 2507.7 ± 753.9 42.15 <.001
QUADRUPLE (n=17)
735.2 ± 631.4 582.8 ± 319.9 1062.9±754.2 1996.8±1030.9 1871.6±727.6 1969.0 ± 857.6 12.73 <.001
Note: Values are represented as mean ± SD.

Figure 7: Table -
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-

Baseline Day 0 Day 1 Day
7

Day
14

Day
21

Day
28

F
value

ANOVA
P

SINGLE (n=17)
12.08 ± 1.75 9.76

±
4.07

8.58
±
4.1

8.08
±
4.1

8.32
±
3.81

3.56 <.01

INTEGRAL (n=12)
13.43 ± 1.11 18.27 ± 2.12 18.28 ± 1.38 17.66 ± 1.45 17.23 ± 1.95 16.67 ± 1.59 14.91 <.001
TRIPLE (n=58)
13.79 ± 1.65 16.09 ± 2.79 14.54 ± 3.41 14.55 ± 3.49 13.56 ± 3.16 12.78 ± 3.94 7.42 <.001
QUADRUPLE (n=17)
13.48 ± 1.36 16.87 ± 3.09 17.54 ± 2.26 17.41 ± 2.04 17.04 ± 2.54 15.73 ± 2.73 7.46 <.001
Note: Values are represented as mean ± SD

Figure 8: Table - 7

-

Day 1 Day 7 Day
14

Day
21

Day
28

F
value

SINGLE (n=16)
33.28 ± 5.38 29.54±11.34 27.4

±
10.7

24.9
±
10.8

25.5
±
9.51

2.18 >.05

INTEGRAL (n=12)
37.93 ± 6.55 53.46 ± 12.88 49.90 ± 5.28 49.90 ± 5.25 52.3

±
6.68

50.10
±
7.06

5.41 <.001

TRIPLE (n=58)
37.79 ± 5.13 45.96 ±

8.91
43.12 ± 13.1 43.0 ± 12.64 41.70 ± 9.01 41.38±14.38 5.42 <.001

QUADRUPLE (n=15)
39.49 ± 7.73 52.27 ± 6.8 52.05 ± 5.56 50.70 ± 5.31 50.75 ± 5.27 44.58 ± 9.22 16.8 <.001
Note: Values are represented as mean ± SD.

Figure 9: Table - 8
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