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Abstract

The red blood cell (RBC) storage interval has been extended from less than a week to the current
storage interval of 6-8 weeks. Regulatory criteria for extending storage rely upon a minimal
degree of hemolysis and acceptable /in vivo 24-h post transfusion recovery. Clinical studies of
safety and efficacy have never been required. Concerns have arisen that RBC toward the end of
storage develop a ‘storage lesion’ with previously unrecognized toxicity. Of the several
mechanisms proposed, the bolus of iron delivered to macrophages as a result of hemolysis of
stored RBC might pose a particular risk to patients with existing infections. We developed a canine
model of pneumonia to compare the toxicity of stored RBC transfusion. We described increased
mortality after transfusion of old RBC. We found that transfused older RBC increased mortality, /n
vivo hemolysis, circulating cell-free hemoglobin that scavenges nitric oxide, and elevations of
non-transferrin bound and plasma labile iron. Disappearance of circulating iron correlated with
increased mortality, worsening pulmonary function, and bacterial proliferation. Washing decreased
the mortality associated with transfusing older RBC, but had the opposite effect on fresher blood.
With low doses of bacteria, survival was unaffected by the age of blood, whereas high bacteria
doses masked any effect of RBC age on mortality. Older RBC may have adverse effects, but the
patient’s clinical status, the age, volume and method of preparation of the RBC may be critical
variables. Several mechanisms may account for this toxicity, but in the presence of bacterial
infection, availability of iron likely plays a major role.
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Introduction

Blood preservative solutions were developed to eliminate reliance on vein-to-vein
transfusion and to improve blood supply and logistics [1]. The storage interval of
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refrigerated blood has been extended progressively from less than a week when whole blood
was collected into a citrate/glucose solution to as much as 2 months [2]. Regulations and
practices vary internationally. Licensed preservative solutions permit a red blood cell (RBC)
shelf life as long as 7 weeks. However, RBCs degrade progressively during the weeks of
refrigerated storage and may become less effective as they age. Whereas no one expects
RBCs to perform at the end of several weeks of refrigerated storage exactly as they do when
they exit the donor’s vein, neither do clinicians anticipate that stored blood will harm their
patients. This question of toxicity has recently been challenged [3, 4].

Stored blood does not age gracefully. Changes in percentage haemolysis, osmatic fragility
and gross morphology were among the earliest observations that came to define the ‘storage
lesion’ (see below). Detailed assessments of RBC metabolism and quality have been
reviewed elsewhere [5]. The principal question is whether these changes have significant
clinical consequences.

The criteria for extending RBC shelf life when new storage systems are proposed rely first
upon a panel of /n vitro studies, although without precise acceptance ranges. Most countries
specify a minimal degree of haemolysis at outdate (1% in the USA and 0-8% in Europe).
The ‘gold standard’ remains /n vivo 24-h post-transfusion recovery of more than 75% of
cells labelled with radiochromium at the component outdate [6, 7]. Clinical trials of safety
and efficacy have never been required (or performed) for licensure. The first widely used
anticoagulant preservative, acid citrate dextrose, permitted RBC storage for up to 21 days
[8]. Most blood providers extended the RBC shelf life to 28 days when phosphate was added
to the preservative, to 35 days with the addition of adenine, and to 42 days when ‘additive
solutions’ became available [9-11]. The longest shelf life currently in clinical use is 49 days
[12]. A new additive solution has been recently certified for 56-day storage in Europe, but
licensed for only 42-day storage in the USA [11].

At present, blood prepared for most adult patients requiring transfusion still follows the first-
in, first-out principle with the oldest compatible unit available given first, a strategy designed
to manage blood inventories not to optimize patient care. However, many clinicians harbour
the belief that “fresh’ blood is superior to stored RBC. Yet, no definition of ‘fresh’ has been
widely accepted. Paediatricians often define ‘fresh’ as 7-day storage or less, whereas a vocal
minority of practitioners request that fresh blood be ‘warm to the touch,” an impracticality in
the era of testing and good manufacturing practice (GMP). Until recently, evidence that
fresher RBCs result in clinical benefit has been surprisingly scarce. During the last 15 years,
an increasing number of retrospective and prospective studies have raised concerns that
patients receiving older blood have an increased morbidity and mortality risk compared with
patients receiving fresher units [13-23]. Only one of these dealt specifically with infection
[16]. A smaller number of reports has failed to confirm such associations [24-27]. In
response, some blood services have already elected to limit RBC shelf life to less than what
licensure permits in the reasonable expectation that shortened storage improves RBC quality.
(Table 1) Japan, for example, has elected to restrict the ‘42-day RBC’ to a 21-day shelf life
since 1995; the shorter storage period reduced the risk of septic reactions from slow-growing
bacteria and permitted universal irradiation of RBC to prevent transfusion-associated graft-
versus-host disease (GvHD) [28]. The UK has chosen to limit RBC storage to 35 days. The
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Nether-lands has found that with 35-day storage, RBC discard rates remained <2%. The
NIH Clinical Center in the USA has instituted on 1 February 2014, a policy of routinely
quarantining RBCs once storage has reached the last licensed 7 days unless clinical
indications, such as a rare blood type generates an authorized medical exception. All RBC
units, which are licensed for 42-day storage using AS-3 additive solution (saline—adenine—
glucose—citrate—phosphate), have been transfused since with a storage time of 35 days or
less.

Clinical studies comparing safety and efficacy of fresh and old-stored RBC fall into four
general categories: (1) the majority of publications as cited above involve observational
studies of different patient populations that demonstrate some statistical association between
prolonged storage of allogeneic blood and disease state. All of these studies have been
criticized for limitations in size, design or methodology. Some studies examine mortality,
others morbidity, while still others have reported on such surrogate measures as length of
hospital or ICU stay, recurrence of cancer, changes in gastric intramucosal pH, serum lactate
levels or decreased oxygen delivery to different organs [13-23]. Definitions of “fresh’ and
‘old’ differ as do the RBC preparations and transfusion practice. (2) Three studies involve
autologous transfusion of healthy normal volunteers with their own fresh or stored RBC
[29-31]. (3) Studies in animal models provide an opportunity to design trials that cannot be
performed in patients or in normal volunteers. (4) Finally, several large prospective
randomized controlled trials (RCTSs) have either been completed recently or are in progress.
None deals specifically with the issue of infection. A comprehensive review comparing fresh
and old RBC for transfusion has recently been published [32].

RBC storage lesion

Red blood cell quality may actually improve during the first few days of storage. Bacterial
contamination during the donation process may be reduced within the first few hours of
storage of whole blood, before the leucocytes are removed. Storage at +4°C for several days
reduces the risk of spirochaete transmission, some cell-associated viruses and parasites and
the mononuclear cells responsible for GvHD [28].

Whereas no credible claim has been made that RBC quality improves during storage beyond
the first few days, an abundance of /n vitro evidence implicates refrigerated storage as
increasingly detrimental to RBC quality [33, 34]. The original concern regarding RBC
storage time and maximal acceptable shelf life in patient care evolved from observations of
these RBC changes which are referred to collectively as the ‘storage lesion(s)’ [35-37]. The
RBC undergoes metabolic changes and oxidative stress during the storage causing
metabolites, proteins and particles, such as microvesicles, to be released into the supernatant.
Numerous other changes, in cellular biochemistry, lipid concentration as well as membrane
composition, carbohydrate alterations, oxidative injury to lipids and proteins, oxygen affinity
and delivery, and adhesion of RBCs to endothelial cells, have been reported. Secondary risks
include accumulation of potassium and plasticizer from the container. Many of these
changes are summarized in Table 2. The damage affecting the membrane and cytoskeleton
results in altered RBC deformability and shape and compromise of the ability of the cell to
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transit the microcirculation [38]. Some of the RBC undergo lysis in the storage container,
while others lyse in the circulation upon transfusion or are rapidly removed by macrophages.

The dynamics of the process vary widely: Some effects occur within a few hours of blood
donation, whereas other effects represent the accumulation of changes which occur over
days and weeks. Further, donor-related biological variability (phenotype) should be expected
for recovery, survival and storage. The temporal pattern linking clinical outcomes with the
critical determinant of the RBC storage lesion may also vary among patients and their
different clinical conditions.

Regulatory criteria for extending storage rely upon a set of /n vitro studies that specify a
minimal degree of haemolysis and acceptable /n vivo 24-h post-transfusion recovery at the
end of RBC shelf life. (see above). ®1Cr-labelling, widely used to study RBC survival in
vivo, has intrinsic variability in addition to the donor-to-donor biological variability [6].
Flow cytometry has shown a nearly identical long-term RBC survival /n vivo for fresh and
old RBCs once an early-removal fraction of the older RBCs is eliminated [7]. Haemoglobin
increments at 48 h did not differ between fresh and old RBCs in a study involving 10
patients, whereas 2,3-DPG was significantly lower up to 48 h after transfusion of the old
RBCs [39]. Data in mice, dogs and sheep support the hypotheses that NO depletion and free
iron release, occurring as a consequence of the RBC storage lesion, contribute to the
detrimental effects of old RBCs [40-42] A bolus of iron released by aging RBC may play a
particular role in the setting of infection, both by producing a pro-inflammatory response to
transfused red blood cells through the effects of reactive oxygen species on stress pathways
and by supplying iron to pathogens through their high-affinity siderophores [40, 43].
However, given the extent of the changes in the RBC, other mechanisms may well be
involved.

Types of RBC preparation and shelf life

Many RBC preparations and storage conditions designed to reduce RBC changes in the
storage container have been studied in the belief that /n vitro alterations will influence
clinical outcomes [44] RBC preparation and storage solutions continue to be modified [45].
The general approach to RBC storage has become standardized under GMP. However,
unlike small molecule drugs, the RBC source material is a biological product derived from
human volunteer blood donors and cannot be rigorously standardized. Substantial donor-to-
donor variability in RBC storage, haemolysis and survival has been recognized since the
1960s. The RBCs of approximately two-thirds of donors store better than the mean, and
‘super donors’ whose RBC store exceptionally well have been identified [6, 44]. Because of
this variability, each RBC unit is considered a ‘lot’ or ‘batch’. Biomarkers to predict
suboptimal storage and to detect “poor storers’ do not currently exist, but would be
extremely valuable. One example, the RBC enzyme G6PD, has hundreds of recognized
variants which may or may not affect RBC storage and quality [46].

Whole blood is typically collected into sterile plastic bags and anticoagulated with a defined
concentration of citrate. Leucocyte removal during RBC preparation is commonplace, but
not universal. The shelf life of RBC in standard anticoagulant-preservative solutions varies
from 21 to 35 days. At the time of initial preparation, the packed RBC may be transferred
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into a second bag with an ‘additive solution’ and approved for a 42-day RBC shelf life. A
variety of primary anticoagulant-preservative solutions and additive solutions are available
around the world [11]. RBC for storage may also be irradiated at the time of preparation, or
irradiated subsequently and returned to inventory for further refrigerated storage. Approval
of storage containers, preservatives, additives and virtually any change in manufacturing
depends on in vivo RBC recovery and survival as well as on measurement of certain analytes
thought critical for RBC survival. The RBC analytes considered most important are
adenosine 5’-triphosphate (ATP) concentration, a measure of cell viability, and 2,3-
diphosphoglycerate (2,3-DPG) recovery rate, a marker of oxygen affinity and release [6].
RBCs are regulated by drug acts, biological medicine regulations, pharmaceutical affairs
laws and national standards which vary by country [47, 48].

Meta-analysis of studies on mortality

We conducted a formal meta-analysis of studies comparing survival rates associated with the
transfusion of fresh vs. older RBCs [4]. Seventeen to 387 130 patients were enrolled from
1991 to 2009 in three RCTSs, six prospective observational and 12 retrospective studies.
Across these 21 studies, the effects were similar and overall mortality was increased
significantly for patients receiving older RBCs. Based on these predominantly retrospective
data, published mortality rates and the odd ratios, one would have to transfuse between 97
and 69 428 patients with exclusively fresh RBCs to save one life.

Six studies enrolled trauma patients, six cardiac surgery patients and nine a mix of varied
patient populations. The results of each of these three subgroups were consistent with an
overall increase in mortality associated with older RBCs, as were results comparing small
and large studies (<500 vs. >500 patients) and studies of patients receiving on average three
RBCs or less vs. more than three RBCs per patient. Seven studies reported serious adverse
events; three others showed an overall increase in multiple-organ dysfunction associated
with transfusion of older blood, suggesting an increased risk of death from old RBCs.
Although these studies were not designed to evaluate the role of blood storage in infection,
three studies did report an overall significant increase in pneumonia. Furthermore, a meta-
analysis is only as powerful as the individual studies that are analysed, and conclusions
drawn from any meta-analysis should be considered only hypothesis generating and not
definitive.

Studies with small and large animals

Animal studies can be designed to address specific physiologic questions and mechanisms
unable to be studied in patients or volunteers. Such studies are particularly important for
understanding the underlying mechanism, unlikely to be attained by RCTs, and eventually
result in the formulation of improved RBC units. The results of these studies may contribute
to the design of RCTs as much as they complement the results of RCTs. There are benefits
and limitations for RBC transfusion in animal models. Animal studies may be the only way
to test hypotheses regarding specific models of infection, trauma and exsanguinating
haemorrhage and to compare the extremes of RBC storage. However, the RBC of different
animals vary in size, number, haemoglobin content, structure, function, membrane
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composition, fragility, antigenicity and a number of other factors. The RBC of different
animals may store differently, and the time course and nature of the storage lesion may not
be comparable to human RBC. The crucial question is whether data and conclusions from
animal models can be sufficiently applicable to change clinical transfusion practice.

Mouse and human RBCs show a progressive decline in survival depending on storage time,
unlike the precipitous loss of viability reported for rat RBC [49, 50]. Non-trans-ferrin-bound
iron concentration and acute tissue iron deposition were increase after transfusion of old
murine RBCs, which results in an inflammatory response not seen after fresh mouse RBC
infusion [40]. The increased non-transferrin-bound iron in murine serum was implicated in
enhancing bacterial growth /n vitro, an observation that was confirmed subsequently in a
prospective human study [31]. Old mouse RBCs that were cleared rapidly post-transfusion
induced a cytokine storm, a finding not replicated in human volunteer studies [31, 51].
Furthermore, mice pretreated with endotoxin derived from lipo-polysaccharide isolated from
Escherichia coli0111:B4 became moribund after infusion of stored, but not fresh RBC.
While not a true infection model, these studies, together with the bacterial growth
observations, suggest that iron release to macrophages from prolonged storage of RBC may
mediate adverse effects through increased susceptibility to sepsis.

Transfusion of 28-day guinea pig RBCs led to intravascular haemolysis, hypertension,
vascular injury and kidney dysfunction [52, 53] This plasma haemoglobin-driven toxicity
could be attenuated by infusion of haptoglobin. The precise mechanism of injury is unknown
but may involve the direct toxicity of cell-free haemoglobin, iron, scavenging of nitric oxide
(NO) or a combination of such mechanisms. Renal injury associated with stored blood
transfusion has not been a feature in other animal models.

The most striking results of any animal study on prolonged storage of RBCs so far have
been observed in canines (Fig. 1): 42-day-old dog RBCs dramatically increased mortality in
dogs with experimental Staphylococcus aureus pneumonia [41]. This model was developed
to test the extremes of blood storage in a clinical setting of severe infection and massive
transfusion. The bacterial challenge dose was optimized in a validated blinded canine model
to account for the effects of multiple transfusions on mortality. Bacterial dose was titrated so
that animals were sufficiently ill to demonstrate a difference in toxicity from stored RBC if
one existed, but not so ill as to mask the effect with high mortality [43]. Canines with
pneumonia were treated like critically ill patients with bacterial pneumonia in an intensive
care unit. RBCs were collected and prepared by an FDA-licensed canine blood bank
mimicking procedures and technologies used for human RBCs [52, 53].

Increased systemic and pulmonary artery pressures indicated that old RBCs were more
vasoactive than fresh RBCs. Pulmonary hypertension caused right ventricular dilatation and,
by adversely affecting left ventricular filling, resulted in marked tachycardia to maintain
cardiac output. Prolonged haemolysis of old RBCs resulted in increased cell-free
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haemoglobin (CFH) and decreased haptoglobin. Old RBCs caused a steady rise in NO
consumption capability of plasma for days, indicating the presence of oxyhaemoglobin, the
vasoactive form of haemoglobin known to scavenge NO. Prolonged exposure to
oxyhaemoglobin resulted in ischaemic vascular damage at the site of tissue injury in the lung
causing gas exchange abnormalities, pulmonary arterial hypertension and an increased risk
of death.

Non-transferrin-bound and labile iron, the toxic iron moiety, were elevated only during
transfusion, but not associated with survival [41] NO scavenging and /in vivo haemolysis
were augmented after transfusion of old RBCs, which appeared to result in an excess of non-
transferrin-bound and labile iron, but worsened outcome only in the presence of an
established infection [43]. The availability of iron, circulating 8-12 h after bacterial
challenge, may have promoted bacterial growth and contributed to mortality.

In the canine model, transfusing 42-day-old stored blood washed with a commercial cell
washer (Haemonetics Corp., Braintree, MA, USA) improved survival rates when compared
with unwashed stored blood of the same age [54]. Transfusing washed 7-day-old stored
blood had an unexpectedly different and opposite effect that worsened survival rates (Fig. 2).
Transfusing 42-day-old washed stored blood lessened the degree of lung injury when
compared with unwashed controls, decreased vasopressor requirements (reversed shock) and
improved cardiac performance. In contrast, transfusing washed fresher blood had a different
and opposite effect that made these same parameters worse when compared with unwashed
fresh controls. Washing fresh red blood cells with saline solution introduces some membrane
damage, making RBCs more susceptible to /7 vivo haemolysis than are fresh unwashed
cells. The effect overall is the opposite of that observed with older blood: an increase in CFH
levels with washing but much lower levels than seen with the unwashed blood that still
contains very fragile but intact old RBCs.

The dog model should be useful to determine whether the stored blood effect is specific to
pneumonia and to haemolytic S. aureus or whether other pathogens, other sites of infection
or models of sepsis, and settings of non-infectious severe illness lead to increased morbidity
and mortality. Comparing infusions of licensed iron preparations to blood transfusion might
help determine the mechanism(s). The model should also be useful for studying potential
therapeutic interventions.

Similar to the TRALI2 study in humans, which examined transfusion-related acute lung
injury (TRALI) and was expanded to study RBC storage effects, a TRALI study prompted
the development of a sheep model [42, 55]. Transfusion of 40-day-old autologous RBCs
increased pulmonary vascular resistance and pressure, which was worsened by an NO
synthase inhibitor and ameliorated by NO inhalation [40]. These observations were
compatible with the NO and free iron findings in dogs. As TRALI is thought to be caused
predominantly by plasma infusion and not by cellular components, initially the effect of the
supernatant from stored human RBCs was tested in sheep [59]. Such human supernatants
decreased arterial pressure and cardiac output in LPS-primed sheep more than did
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supernatants from stored human platelet components. Ovine RBCs stored for 35-42 days
induced pulmonary arterial hypertension but not TRALI [56].

It is not clear to what extent rodent, canine, sheep, or for that matter any non-primate
models, can mimic the variety of human clinical circumstances and whether canine or other
RBCs are equivalent to similarly stored human RBCs. If transferable, the current canine
study results may apply only to severely ill patients with infections and RBCs near the end
of the shelf life permitted by the additive solutions used.

Preclinical studies with volunteers

The effect of fresh vs. old RBCs on physiological parameters can be assessed reliably and
safely by transfusing autologous RBCs to healthy volunteers (Table 3). Such studies, unlike
clinical trials, permit maximal separation of the age of stored RBCs. No differences were
found for cognitive function, pulmonary function or hyperaemia in three different volunteer
studies. The informative study by Hod et a/. documented highly significant increases in
serum iron and transferrin saturation at 4 h after transfusion of older RBCs. Ferritin
concentrations increased from baseline only after transfusion of older RBCs [31]. While
non-transferrin-bound iron concentration was not significantly increased after fresh RBCs,
after transfusion of older RBCs, it progressively increased for 4 h. The ongoing haemolysis
during RBC storage may explain the significantly increased serum total bilirubin peaking at
4 h, which correlated with a peak of unconjugated bilirubin in the minority of volunteers and
a small, but significant, rise in serum-conjugated bilirubin. Statistically significant
differences were observed in bacterial growth /n vitroin serum samples from all volunteers
surrounding the transfusions. Whereas the results in volunteer studies raise few concerns
regarding the toxicity of stored RBC, the volumes transfused are small and the recipients
healthy. The effects may be quite different in critically ill infected patients.

Randomized clinical trials (RCTSs)

There is a dearth of reliable prospective controlled clinical data comparing the safety and
effectiveness of stored RBC. Eleven RCTs evaluated RBC storage times with a median of 35
patients (range 10-237), and only two published RCTs addressed clinical outcomes. (Table
4) Physiological parameters have been the primary outcomes in most of the completed
RCTs. None of these RCTs detected any effect of RBC storage time; however, none focused
on patients with infections.

The first of the larger RCTs addressing mortality as the primary outcome was recently
completed [57]. The use of fresh RBCs compared with standard blood bank practice did not
improve major neonatal morbidities, such as necrotizing enterocolitis, retinopathy of
prematurity, bronchopulmonary dysplasia, intraventricular haemorrhage or death, in
premature, very low-birthweight infants requiring transfusion. However, the average
duration of RBC storage in the standard of care group (14-6 days) does not reflect the
average RBC storage in the USA (18 days) and in many countries worldwide and certainly is
not the practice of some centres that routinely store RBCs 21 days or longer. The five large
ongoing RCTs (Table 5) define mortality or multiple-organ dysfunction as primary
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outcomes. The patient cohorts studied will be important for determining the applicability of
the results and include acute care inpatients, critically ill patients in adult intensive care units
(ICUs) and patients undergoing complex cardiac surgery. None of the trials specifically
targets patients with severe infections, transplantation or trauma. The results of these large
RCTs are not expected in the near future, although both the ABLE and RECESS studies
have recently concluded recruitment.

Conclusion

Retrospective and prospective observational studies have suggested that fresher RBCs may
benefit defined patient groups or all patients, whereas the only completed RCT failed to
show improved outcomes in premature, very low-birthweight infants transfused with fresher
cells [57]. By one calculation, between 97 and 69 428 patients needed to be treated with
exclusively fresh RBC to save one life [4]. Studies in several animal models report evidence
of organ toxicity and increased mortality when older blood is transfused, and suggest that
patients with severe infections may represent one particularly vulnerable population. The
ongoing RCTs should allow narrowing the range of the actual risk, which would determine
the need for changes in transfusion practice. The effect of optimal RBCs storage may well
vary according to different clinical settings.
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Survival curves in Staphylococcus aureus-challenged dogs comparing fresh and old blood.
Kaplan—Meier plots over the 96-h course of 12 dogs exchange transfused with 42-day-old
RBC (solid circle, solid line) and 12 dogs exchange transfused with 7-day-old RBC (open
circle, dashed line). Reprinted from Solomon et al. [41]).
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Fig. 2.

Survival curves in Staphylococcus aureus-challenged [Reprinted from Cortés-Puch et al.
(54)] dogs comparing unwashed and washed blood. Kaplan—Meier plots throughout the 96-h
study comparing the four types of transfused blood. The different types of blood are
represented by different line patterns as follows: dashed black line (42-day-old unwashed
blood), solid black line (42-day-old washed blood), solid grey line (7-day-old washed blood)
and dashed grey line (7-day-old unwashed blood). There is a qualitative interaction between
washing and the age of stored blood (P = 0:03). Reprinted from Cortés-Puch et al. [54].
*Qualitative interaction: there was a significantly different and opposite effect of washing on
survival times depending on the age of blood, i.e., washing improves survival rates of 42-
day-old and worsens survival rates of 7-day-old stored blood.
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Table 1

Examples for RBC storage times currently approved vs. applied

Additive solution and shelf life days)

Approved  Appliedin clinical service Country

49 days 49 days Switzerland, Germany (parts)

49 days 42 days Germany (parts)

42 days 42 days Argentina, Australia, Austria, Brazil, Canada, China, France, Germany, India, Italy, Malaysia,
Switzerland, Saudi Arabia, Spain, Thailand, Tunisia, USA

42 days 35 days China; Netherlands, United Kingdom (uniform for the countries); Germany (several large blood
services)

42 days 21 days Japan (All RBC irradiated)

35 days 35 days China, Ethiopia, India, Malaysia, Oman, Pakistan, Tunisia

21 days 21 days China, Saudi Arabia (few blood services)
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Table 2

The RBC storage lesion: selected changes in haemoglobin, cytoplasm and membrane

Changes occurring in the RBC
Echinocytes, reversible 1 cDar
Sphero-echinocytes, irreversible 11 Deformability
Osmotic fragility 1 Oxygen delivery
Microvesicles (procoagulant) Na-K-ATPase
Membrane rigidity 1
Phosphatidylserine (PS) exposure t
Oxygen affinity of haemoglobin *
Vascular endothelium adherence *
Metabolic changes
Lactate 1 2,3-DPG ¢
Phosphate |
ATP, ADP, AMP |
Glutathione ¥
S-nitroso haemoglobin ¥

Nitric oxide (NO) ¥

Oxidative stress
Protein oxidation *
Lipid peroxidation 1

Prostaglandin and isoprostanes *

Changes in the additive solution
K+ 1 pH |
H+ 1
free haemoglobin (NO scavenger) 1
free haem and iron 1
soluble lipids (platelet-activating factor) *
phospholipid vesicles *
cytokines (IL1, IL6, IL8, TNF) 1
histamine 1
complement *

enzymes 1
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