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Summary
Background: Red blood cell (RBC) transfusion in hemor-
rhagic shock is life saving. However, several clinical trials 
have shown that blood transfusion in the critically ill pa-
tient might be associated with adverse outcomes. Further-
more, an association between prolonged blood storage 
and adverse effects of RBC transfusion has been postu-
lated. The aim of this study is to examine the effect of 
blood storage time on resuscitation outcome, in an animal 
model of hemorrhagic shock. Methods: 20 Wistar rats 
were phlebotomized in order to induce reversible hemor-
rhagic shock. Half of them were resuscitated with blood 
stored for a short period of time (4 days), and the other 
ones were resuscitated with blood stored for a prolonged 
time (14 days). Blood samples for hemoglobin, pH, lactate, 
bicarbonate and creatinine were drawn prior to the induc-
tion of shock and 24 h after resuscitation. Five days after 
resuscitation the animals were sacrificed, and liver, lung 
and kidney histology was examined. Results: At 24 h after 
bleeding, the hemoglobin levels decreased by 3.2 and  
1.7 g/dl, the pH decreased by 0.008 and 0.001, while the 
lactate levels increased by 1.6 and 2.7 mg/dl in the fresh 
and old blood resuscitation groups, respectively, with no 
significant difference between the groups. A trend toward 
more severe renal damage occurred in the old compared 
to the fresh blood resuscitation group (p = 0.089). Conclu-
sion: The results of the present study show that in this 
 animal model of hemorrhagic shock the duration of stor-
age of RBCs used for transfusion did not affect the out-
come of resuscitation. 

Schlüsselwörter
Transfusion · Lagerungsdauer · Schock · Reanimation

Zusammenfassung
Erythrozytentransfusionen sind bei hämorrhagischem 
Schock lebensrettend. Andererseits haben verschiedene 
klinische Studien gezeigt, dass Bluttransfusionen bei 
schwer kranken Patienten mit unerwünschten Nebenwir-
kungen einhergehen können. Außerdem wurde ein Zu-
sammenhang zwischen größerer Lagerungsdauer und un-
erwünschten Nebenwirkungen der Erythrozytentransfu-
sion postuliert. Das Zie dieser Studie ist es, in einem Tier-
modell für den hämorrhagischen Schock den Effekt der 
Blutlagerungsdauer auf den Reanimationserfolg zu unter-
suchen. Methoden: Bei 20 Wistar-Ratten wurden eine 
 Venaesectio vorgenommen, um einen reversiblen hämor-
rhagischen Schock auszulösen. Die Hälfte der Ratten 
wurde mit Blut reanimiert, das nur kurze Zeit (4 Tage) ge-
lagert worden war, die andere Hälfte erhielt während der 
Reanimation Blut, das bereits längere Zeit (14 Tage) gela-
gert worden war. Blutproben wurden vor und 24 h nach 
Einleitung des Schocks entnommen und auf Hämoglobin. 
pH, Laktat, Bikarbonat und Kreatinin untersucht. Fünf Tage 
nach der Reanimation wurden die Tiere getötet und deren 
Leber, Lunge und Niere histologisch untersucht. Ergeb-
nisse: In den Frischblut- bzw. Altblutreanimationsgruppen 
waren 24 h nach der Blutung die Hämoglobinkonzentratio-
nen um 3,2 bzw. 1,7 g/dl gesunken und der pH um 0,008 
bzw. 0,001, während die Laktatwerte um 1,6 bzw. 2,7 mg/dl  
zunahmen; keiner dieser Unterschiede zwischen den 
Gruppen war signifikant. Lediglich ein Trend zu einer 
 stärkeren renalen Schädigung war in der Gruppe zu beob-
achten, die mit alten Blut reanimiert wurde (p = 0,089). 
Schlussfolgerung: Die Ergebnisse der vorliegenden Studie 
zeigen, dass in einem Tiermodell des hämorrhagischen 
Schocks die Lagerungsdauer der transfundierten Erythro-
zyten das Erfolg der Reanimation nicht beeinflusst. *These authors contributed equally to this work.
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formed by a pathologist who was blinded to the treatment arms. The mor-
phological evaluation of the hematoxylin-eosin stains was based on rating 
scales for each organ. Lungs were rated on a scale from 0 to 18 based on 
Tiefenburn et al. [7], evaluating the severity of atelectasis, hemorrhage, 
edema, congestion, inflammation and hyperaeration. Liver damage was 
evaluated on a scale of 0 to 12 according to Suzuki et al. [8], based on the 
degree of congestion, necrosis and formation of vacuoles. Kidneys were 
rated according to Dobyan et al. [9] on a scale of 0 to 18, for swelling and 
flattening of epithelial cells, tubular dilatation, edema, microthrombi and 
acute tubular necrosis. 

Statistical Analysis  
Data was analyzed using non-parametric Kruskal-Wallis one-way analysis 
by ranks. All p values were two sided; a p value of less then 0.05 was con-
sidered to indicate statistical significance. Analyses were performed using 
SPSS software version 18. 

Results

Four rats could not be included in the analysis: 3 rats in the 
‘fresh’ blood group died immediately after phlebotomy and  
1 rat in the ‘old blood’ group died 24 h after phlebotomy.

The changes in the laboratory indices that were examined 
24 h after phlebotomy are presented in table 1. Mean reduc-
tion in hemoglobin at 24 h was 3.2 ± 2.7 and 1.7 ± 1.5 g/dl, in 
the ‘fresh’ blood resuscitation and ‘old’ blood resuscitation 
groups respectively (p = 0.032). Mean serum creatinine 
 decreased at 24 h by 0.05 ± 0.14 and 0.05 ± 0.16 mg/dl in  
the ‘fresh’ and ‘old’ blood resuscitation groups respectively  
(p = 0.549). The pH decreased by 0.008 ± 0.13 and 0.01 ± 0.05 
in the ‘fresh’ and ‘old’ blood resuscitation groups respectively 
(p = 0.136). 

Mean serum bicarbonate levels decreased by 3.4 ± 3.5, and 
2.8 ± 3.5 mmol/l in the ‘fresh’ and ‘old’ blood resuscitation 
groups respectively (p = 0.465), while mean lactate levels at 24 h 

Introduction

Red blood cell (RBC) transfusion is a life-saving procedure in 
patients with severe hemorrhage. The principal aim of blood 
transfusion is to increase tissue oxygenation. During storage 
RBCs undergo mechanical and biochemical changes affecting 
their ability to deliver oxygen to tissues [1, 2]. In addition dur-
ing storage accumulation of biological byproducts occur which 
may adversely affect the recipient of the blood product [1]. 
Several clinical trials have shown an association between 
blood transfusion and increased morbidity and mortality in 
critically ill patients [3]. Furthermore, there is possibly an as-
sociation between prolonged blood storage and adverse out-
come. However, these studies are observational and thus po-
tentially biased by number of diseases and treatment-related 
variables inherently present in these patients [4, 5]. In light of 
the difficulty in conducting a randomized prospective trial of 
short versus prolonged RBC storage in patients with hemor-
rhagic shock, we attempted to address the question using an 
animal model.

Material and Methods

The study was approved by the ethical committee for animal experimen-
tation of our institution. 20 Wistar rats (250–300 g) were studied. They 
were housed according to the guide for the care and use of laboratory ani-
mals (NIH publication #85-23, 1985). The animals were operated on 
under general anesthesia induced by intraperitoneal injection of xylazine 
and ketamine. After anesthesia the femoral vein was cannulated with a 20 
gauge polytetraflouroethylene catheter (Venflon, Helsingborg, Sweden), 
that was fixed with a 3.0 silk suture. The catheter was flushed with a di-
luted heparin solution (Baxter Pharmaceuticals, Deerfield, IL, USA) at a 
concentration of 1 U/ml.

The animals then underwent a 5 ml phlebotomy which represented 
33–40% of their total blood volume of 12–15 ml. A pilot study confirmed 
that this volume depletion resulted in reversible hemorrhagic shock. The 
animals were maintained in a state of hypovolemic shock for 30 min and 
were randomized to two groups: 10 rats were transfused with 5 ml of rat 
blood that had been stored for 4 days in 0.625 ml citrate, phosphate, dex-
trose, adenine (CPDA-1; Teva Medical, Ashdod, Israel) solution, termed 
‘fresh blood’, and 10 rats were transfused with 5 ml of rat blood that had 
been stored for 10–14 days in 0.625 ml CPDA-1, termed ‘old blood’. The 
blood for transfusion was procured from donor Wistar rats that were  
not included in the experiment. Storage of rat blood for up to 4 days is 
 equivalent to storage of human blood for 14 days and is considered ‘fresh 
blood’ and storage of rat blood for 10–14 days is the equivalent to storage 
of human blood for 28–35 days and is considered ‘old blood’ [6]. Blood 
pressure and heart rate were measured continuously from prior to 
 phlebotomy until after completion of the resuscitation Blood samples 
were drawn via the femoral vein and analyzed for pH, lactate, bicarbo-
nate, hemoglobin and creatinine prior to phlebotomy and 24 h after 
resuscitation. 

After resuscitation the animals were maintained for 5 days. They were 
then sacrificed, and the lungs, liver and kidneys were harvested. The sam-
ples underwent overnight fixation in a 4% formaldehyde solution and 
 serial 5 m sections were prepared after the samples were dehydrated in 
graded ethanol solutions, cleared in xylene and embedded in paraffin. 
The sections were attached to slides and stained with hematoxylin and 
eosin. Histological examination of the kidney, lung and liver was per-

Table 1. Changes observed in laboratory results at 24 hours after resus-
citation compared to baseline values 

’Fresh’ blood 
resuscitation

’Prolonged’ blood 
resuscitation

p value

Hemoglobin, g/dl –3.2 ± 2.7 –1.7 ± 1.5 0.032
pH 0.008 ± 0.13 0.01 ± 0.05 0.136
Lactate, mg/dl 16 ± 29.3 2.7 ± 6 0.274
Bicarbonate, mmol/l 3.4 ± 3.5 2.8 ± 3.5 0.465
Creatinine, mg/dl –0.05 ± 0.14 –0.05 ± 0.16 0.549

Table 2. Histologic score (mean ± standard deviation) of kidney and 
lung tissue on day 5 after induction of hemorrhagic shock

’Fresh’ blood 
resuscitation

’Prolonged’ blood 
resuscitation

p value

Renal histological score 1.8 ± 1.5 3 ± 0.8 0.079
Lung histological score 4.1 ± 2.2 4.1 ± 1.6 0.447



274 Transfus Med Hemother 2011;38:272–276 Abadi/Butenero/Kogan/Ziv/Paran/Ellis

Furthermore, laboratory parameters indicating tissue damage, 
particularly acidosis and renal function were identical in the 
groups.

The aim of blood transfusion is to increase oxygen delivery 
to tissues by increasing hemoglobin concentration. Prolonged 
storage of blood causes physical and biochemical changes to 
RBCs that are generally known as ‘storage lesions’ [1, 2]. 
These may impair oxygen delivery and have been claimed to 
cause adverse effects in the recipient. 

RBC aging may impair the ability of oxygen delivery to tis-
sues because of abnormalities in hemoglobin-oxygen dissocia-
tion: in stored blood, the hemoglobin dissociation curve may 
be right-shifted due to acidosis and decreased intracellular 
2,3-DPG, which impairs oxygen dissociation in tissues and 
 aggravates tissue hypoxia. Storage of RBCs leads to bio-
chemical changes in the RBCs, including ATP depletion and 
reduced membrane deformability, which may impair the cell’s 
ability to traverse capillaries in the microcirculation and 
 further compromise oxygen delivery.

Prolonged storage also increase interactions between the 
RBCs and endothelial cells which further impair the RBC’s 
ability to traverse the microcirculation [10]. 

Clinical data that has accumulated recently suggest that 
transfusion of blood in a number of clinical settings may be 
associated with increased morbidity and mortality. It has been 
suggested that the adverse effects of transfusion, including in-
creased mortality, serious infections, multiorgan failure and 
duration of hospital admission [4, 5, 11], are related to pro-
longed blood storage prior to transfusion. However, these 
data are derived from retrospective and observational studies, 
with no study having being designed and conducted prospec-
tively to evaluate the impact of blood storage duration on the 
clinical outcome. 

increased by 16 ± 29.3, and 2.7 ± 6 mg/dl in the ‘fresh’ and 
‘old’ blood resuscitation groups respectively (p = 0.274). 

Histological examination of the lungs and kidneys showed 
some of the typical changes described in hemorrhagic shock, 
including epithelial swelling and tubular dilatation in the kid-
neys (fig. 1) as well as congestion and hyperaeration in the 
lungs (fig. 2). There were minimal changes in liver histology, 
and scoring was not relevant. Kidney histological score was 
1.8 ± 1.5 and 3 ± 0.8 in the ‘fresh’ and ‘old’ blood groups 
 respectively, with a trend toward more severe renal damage  
in the ‘old’ blood group compared to the ‘fresh’ blood group, 
although without statistical significance (p = 0.089). Lung his-
tological score was 4.1 ± 2.2 and 4.1 ± 1.6 in the ‘fresh’ and 
‘old’ blood groups respectively (p = 0.364) (table 2).

Discussion

In this paper we report the results of an animal model of hem-
orrhagic shock treated with rat RBCs stored for a prolonged 
or a short period. There was no overall survival difference 
 between the two groups at the end of the 5-day study period. 
Three rats died during the induction of hemorrhagic shock, 
and only one other animal died during the study period. In 
this subject laboratory samples prior to death were not ob-
tained and organ histology could not be assessed because of 
post mortem autolytic changes.

Histological grading of the kidneys showed a trend toward 
increased tissue damage among animals treated with ‘pro-
longed’ blood storage, compared to those treated with ‘fresh’ 
blood; however, this trend did not achieve statistical signifi-
cance. Liver and lung damage as determined by a standard 
histological score did not differ between the treatment groups. 

Fig. 1. Kidney histology in a rat 5 days after induction of hemorrhagic 
shock. Tubular dilatation (white arrow), and swelling of tubular epitheli-
um (black arrow) are noted.

Fig. 2. Histology of lung tissue 5 days after induction of hemorrhagic 
shock. Hyperaeration is shown by dilatation of alveolar spaces (black 
arrow), with thinning and rupture of alveolar septae. Congestion is evi-
dent with engorgement of blood vessels and mild interstitial hemorrhage.
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inactivates nitric oxide. This may cause vasoconstriction and 
thrombosis which may aggravate tissue ischemia [14].

In our study the only adverse effect of prolonged storage of 
transfused RBCs was a trend toward increased renal damage. 
These results are in contrast to suggestions in the literature 
presented above, purporting a correlation between prolonged 
blood storage and adverse clinical outcome. Several factors 
may explain these differences. The potential adverse effect of 
prolonged storage may become evident only in specific clini-
cal situations such as critically ill patients in an intensive care 
unit in whom an inflammatory response to underlying illness 
or trauma may have already occurred at the time of transfu-
sion. In addition, the reports linking duration of blood storage 
with adverse clinical outcome are retrospective; a prospective 
randomized study has not been performed to address this 
question specifically. Thus factors such as publication bias in 
the introduction of confounding variables in these reports 
need to be considered when evaluating their conclusions. Fur-
thermore, not all studies have shown a correlation between 
duration of blood storage and adverse outcomes [15].

Another possible explanation for the apparent inconsis-
tency between our results and those published in the lit-
erature may relate to the specific animal model that we  
used in this study which may not reflect the biologic 
 complexity of hemorrhagic shock in the clinical situation. 
 Finally, it should be noted that the rats receiving ‘fresh’ 
blood had a greater reduction in hemoglobin concentration 
24 h after phle botomy than those receiving ‘old’ blood  
(3.2 ± 2.7 vs. 1.7 ± 1.5 g/dl (p = 0.032)). However, we do not 
believe that this inadvertent difference between the groups 
influenced the outcome of the study because, despite this 
varying hemoglobin levels, there was no difference between 
the groups with regard to measurement of tissue perfusion 
such as pH, serum bicarbonate and serum creatinine levels. 

While acknowledging that in cases of massive hemorrhage 
after surgery or trauma in humans numerous factors influence 
patient outcome, the results of our study suggest that, at least 
in an animal model, duration of RBC storage may not be 
causally linked to adverse clinical outcomes and that appro-
priately designed prospective trials should be performed to 
answer this important question. Until such data is available, 
‘fresh’ RBC units should not be considered to be the product 
of choice in the treatment of hemorrhagic shock. 

Disclosure Statement

The authors have no conflict of interest to declare.

One of the pivotal trials demonstrating the adverse effects 
of transfusion was the TRICC study which examined the 
 effect of blood transfusions in critically ill patients [3]. Pa-
tients were randomly assigned to receive blood transfusions 
according to a restrictive (hemoglobin < 7 g/dl) or non-restric-
tive threshold (hemoglobin < 10 g/dl). The results showed that 
patients allocated to the restrictive transfusion group received 
fewer units of blood and had a lower incidence of respiratory 
failure and improved survival. This important study however, 
was not designed to compare blood storage time.

A prospective database of trauma patients was used to 
compare patients who developed multiorgan failure after 
 receiving 6–20 units of RBCs to a control group without mul-
tiorgan failure. Patients who developed multiorgan failure 
were found to have received blood that had been stored for 
a longer period than the blood transfused in the control 
group. Multivariate analysis identified mean age of blood 
units, number of units older than 14 days and number of 
units older than 21 days as independent risk factors for 
 multiorgan failure [11].

One retrospective trial examining morbidity and mortality 
in 321 patients after cardiac surgery found that the duration of 
blood storage was an independent risk factor for inhospital 
mortality, acute renal failure and intensive care unit admis-
sion time [5]. In another such study, Koch et al. [12] reported 
on subjects undergoing coronary artery bypass grafting, heart 
valve surgery or both. They found that subjects transfused 
with RBCunits older than the median storage duration of  
14 days, were more likely to die in the hospital, require pro-
longed ventilation and had higher rates of sepsis and renal 
failure than subjects receiving newer blood. Although the 
pool of subjects was very large – 6,000 subjects –, the data 
were obtained from only center and had several limitations, 
namely that the clinical characteristics of the patients and  
the ABO type of RBCs received were not entirely similar 
 between the two patient groups. Thus uncertainty remains 
 regarding the clinical importance of RBC storage duration 
and exactly what defines ‘newer’ versus ‘older’ blood.

A possible explanation for the adverse effects presumed  
to be related to increased duration of blood storage is the 
 progressive accumulation of proinflammatory cytokines dur-
ing storage. Infusion of these cytokines may initiate an inflam-
matory cascade or may alter immune response. This may 
 predispose critically ill patients to systemic inflammatory 
 response syndrome (SIRS) or cause susceptibility to severe 
infections [13].

In addition, prolonged storage increases the concentration 
of free hemoglobin in blood units. Free hemoglobin binds and 
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