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Abstract. – OBJECTIVE: The many published
studies on the effects of the transfusion of
stored red blood cells on clinical outcomes
yielded discordant results. Therefore, we chose
to study patients with severe trauma. The clinical
outcomes considered included in-hospital mor-
tality, the occurrence of sepsis, length of stay in
intensive care unit and in hospital, and days of
mechanical ventilation.

PATIENTS AND METHODS: We selected all
patients with traumatic injury, who received at
least 2 red cell units in the first day of admis-
sion. Patients were divided into two groups:
those who had received fresh red cells only
(fresh group) and those who had received at
least one “old” red cell unit (old group). The red
cells were considered fresh if they had been
stored <14 days.

RESULTS: The fresh and old groups included
376 and 321 patients, respectively. Baseline de-
mographic and clinical characteristics were
comparable between the groups. However, old
group received more red cell and plasma units
during whole hospital stay (red cells: 11 ± 7 vs
6 ± 4, p < 0.001; plasma: 7 [0-9] vs 3 [0-6]).
Among outcomes, only length of stay in inten-
sive care unit (old vs fresh: 18 ± 9 vs 12 ± 8
days, p < 0.001) and in hospital (77 ± 35 vs 45 ±
30 days, p < 0.001) differed significantly be-
tween groups. The association remained statis-
tically significant in a multivariate analysis in-
cluding known confounding factors.

CONCLUSIONS: Patients with major trauma
transfused with old (≥≥14 days) red cells had a
longer length of stay in intensive care unit and
in hospital, without any difference in mortality,
occurence of sepsis or days of mechanical ven-
tilation.
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Introduction

During storage, red blood cells (RBC) under-
go a series of changes, which are collectively
known as “storage lesion”1,2. Many studies,
most of them retrospective, examined the rela-
tionship between storage age of transfused RBC
and several clinical outcomes, such as short
term and long term mortality, multiorgan fail-
ure, nosocomial infections, duration of mechan-
ical ventilation, length of stay (LOS) in hospital
and in intensive care unit (ICU)1-4. However, the
clinical relevance of the storage lesion remains
unclear, because adverse effects were docu-
mented in some studies, whilst no association
was reported in others3-6. 

Some retrospective studies failed to account for
known confounders and in some of them, but not
all, the inclusion in the statistical model of covari-
ates representing transfusion risk factors, such as
the total number of RBC units transfused7 or pre-
operative haemoglobin and renal function8, abol-
ished the apparent association. A nationwide ret-
rospective cohort study yielded inconclusive re-
sults, interpreted by the authors as probably re-
flecting a residual indication bias9. Another possi-
ble (partial) explanation for the discrepant results
of clinical studies is the two-hit hypothesis, which
speculates that a second insult is necessary to pre-
dispose the patient to the adverse effects of stored
RBC10. In accordance with the two-hit hypothesis,
patients with critical illness or trauma would be
the appropriate and relevant study population; in-
deed, in previous studies adverse outcomes relat-
ed to stored blood are more often detected in trau-
ma patients11,12. The aim of our study was to eval-
uate the association between the storage time of
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transfused RBC and clinical outcomes in trauma
patients admitted to an intensive care unit.

Patients and Methods

Patients 
This is a single-centre study. Hospital dis-

charge records were consulted to identify the pa-
tients with traumatic injury admitted to the
Sant’Anna University Hospital of Ferrara from
July 2005 through January 2013. Among them,
we selected all adult patients (at least 18 years of
age old) admitted to ICU who had received at
least 2 RBC units during the first 24 hours after
hospital admission. 

Clinical and Laboratory data
Patient’s age at admission, LOS in hospital

and ICU, major morbidity and duration of me-
chanical ventilation were obtained from the hos-
pital discharge records. Injury severity score
(ISS) data was retrieved from the emergency ad-
mission notes. Haemoglobin, platelet count,
serum creatinine, lactate, base deficit, interna-
tional normalized ratio (INR) and bilirubin were
obtained from the laboratory information system.
Two measurements of haemoglobin were consid-
ered: at admission and the first value in the sec-
ond day after admission.

Transfusion Data
Transfusion data was derived from the hospi-

tal blood transfusion service information system
and included the date of transfusion, number of
units of RBC, fresh frozen plasma (FFP),
platelets transfused, and storage age of RBC.
FFP units were quarantined plasma obtained
from whole blood, from male donors exclusive-
ly (in order to avoid transfusion-related acute
lung injury: TRALI). The blood components
were not leukoreduced. The RBC concentrates
were stored in saline-adenine-glucose-mannitol
for a maximum of 35 days. The blood transfu-
sion service provided the oldest available unit
for each request. Transfused RBC were catego-
rized as being less than 14 days old (“fresh”) or
14 or more days old (“old”). Such a cutoff was
chosen in analogy with many previous stud-
ies9,10 and also because it allowed us to divide
our study population into two groups of similar
numerosity: those who received “fresh” red
blood cell only and those who received at least
one “old” RBC unit. 

Outcomes
The aim of the present study was to evaluate

whether the transfusion of old RBC had an influ-
ence on the following clinical outcomes: in-hos-
pital mortality, the occurrence of sepsis, LOS in
the ICU, LOS in hospital, and days of mechani-
cal ventilation. 

Statistical Analysis
Statistical analysis was carried out with the

software package IBM SPSS 19. The normality
of data distribution was evaluated for each para-
meter using the Kolmogorov-Smirnov test. The
clinical characteristics of the two groups were
compared with the t-test (continuous data, nor-
mally distributed), Mann-Whitney U-test (contin-
uous data, not normally distributed), and χ2-test
(categorical variables). Differences in the out-
comes of the two experimental groups were ini-
tially sought in a univariate analysis. The out-
comes which resulted as significantly associated
in the initial analysis were studied in a multivari-
ate regression analysis, also including as covari-
ates age of the patient, year of discharge, ISS
score, sex, total number of transfused RBC units,
total number of transfused FFP units, and storage
age of the oldest RBC unit. All data is reported
as means±1 SD or as medians with the interquar-
tile range in square brackets. The differences be-
tween the two groups were considered statistical-
ly significant for probability (p) values < 0.05.

Results

During the study period 6204 trauma patients
were admitted to our hospital. 4834 patients were
not admitted to the ICU and, therefore, were ex-
cluded. Of the remaining, 697 received at least 2
units of RBC in the first day of admission and
were included. 376 received fresh RBC only
(“fresh” group), while 321 patients received at
least one “old” RBC unit (“old” group). Due to
the rapid turnover of RBC in our hospital, only
58 patients received old RBC units exclusively,
too few to consider them as a separated group.
Table I displays baseline demographic data and
clinical characteristics at admission. No signifi-
cant differences regarding demographics and
specific patient-related risk factors were detected
between the two groups. In particular, trauma
characteristics, base deficit, lactate and haemo-
globin at admission and comorbidities were simi-
lar between groups.
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Patients receiving fresh Patients receiving 
RBC (N = 376) old RBC (N = 321) p

Age 55 [35-76] 53 [34-74]
Sex 249 M – 127 F 209 M – 112 F 0.76

Trauma 
ISS 23.7 ± 2.2 24.2 ± 2.7 0.6
Systolic pressure (mmHg) 118 ± 16 115 ± 19 0.71
Head trauma 63 (16.7%) 70 (21.8%) 0.09
Pelvic fracture 52 (13.8%) 54 (16.8%) 0.26
Rib or sternal fracture 84 (22.3%) 80 (24.9%) 0.7

Laboratory data
Hb at admission (g/dL) 11 ± 2.4 10.7 ± 2.4 0.14
Hb in the second day (g/dL) 10.3 ± 1.5 10 ± 1.5 0.2
Base deficit at admission (mEq/L) -3.4 ± 1.4 -3.8 ± 2 0.19
Lactate at admission (mmol/L) 2.6 ± 1.1 2.9 ± 1.4 0.21
Serum creatinine at admission (mg/dL) 1.23 ± 1 1.16 ± 1 0.85
Bilirubin at admission (mg/dL) 0.7 ± 0.7 0.73 ± 0.7 0.87
Platelets at admission (·103/µL) 210.8 ± 77.1 182.88 ± 74.2 0.07
Platelets at ICU admission (·103/µL) 149.2 ± 73 126 ± 64.1 0.08
INR at admission 1.55 ± 1 1.67 ± 0.5 0.59
INR at ICU admission 1.67 ± 0.6 1.59 ± 0.5 0.56
Patient comorbidity
COPD 10 (2.6%) 4 (1.24%) 0.12
Hypertension 37 (9.8%) 25 (8.4%) 0.8
Diabetes mellitus 19 (5.0%) 13 (4.0%) 0.57
Cancer 12 (3.1%) 8 (2.5%) 0.6
Chronic Kidney Disease 5 (1.3%) 5 (1.5%) 0.81

Table I. Baseline demographic data and clinical characteristics at admission.

Values reported as n (%), mean (± SD), median [IQR] as appropriate. ISS: Injury severity score; Hb: haemoglobin; COPD:
Chronic obstructive pulmonary disease; INR: International normalized ratio; BE: Base excess.

Figure 1. Number of Red-Cell Units transfused in relation to
the percentage of patients. F = Fresh Group; O = Old Group.

creased (Figure 2). This expected behaviour ex-
plains in all likelihood the higher prevalence of
the more heavily transfused patients among the
old group. The frequency of blood group O was
similar in both patient groups: fresh, 43.1%; old,
39.9% (p = 0.398, not significant).

Transfusion data are summarized in Table II.
The number of RBC units and FFP units trans-
fused during the first 24 h was somewhat higher
in the old group but the difference did not reach
statistical significance. However, the old group
received significantly more RBC and FFP units
during the whole hospital stay (RBC: 1.1 ± 6.6
vs 6.4 ± 3.7, p < 0.001; FFP: 2.5 [0-6] vs 7.15 [0-
9]). As shown in Figure 1, the percentage of pa-
tients who received 2-4 RBC units only was 2-3
times higher in the fresh group. Conversely, the
percentage of patients who received more than
10 RBC units was higher in the old group (35,8%
vs. 13,5%). The old group was transfused for
more days (5 [2-16.8] vs 2 [0-8]; p < 0.001).
Pooling all the patients together, the average stor-
age age of transfused RBC was about 10 days, ir-
respective of the total number of RBC units
transfused (Figure 2). However, the minimum
and the maximum age decreased and increased,
respectively, as the total number of RBC units in-
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Patients receiving fresh RBC Patients receiving old RBC p

Average RBC storage age (days) 6.8 ± 1.7 14.1 ± 4
Old RBC units received 0 4.2 + 2.8
FFP transfused in the first 24 h 2.0 [0-4] 2.0 [0-6] 0.08
FFP transfused during the whole hospital stay 2.5 [0-6] 7.2 [0-9] <0.001
Patients who received platelet concentrates 26 (6.9%) 34 (10.5%) 0.08
RBC transfused in the first 24 h 3 [2-5] 4 [2-7] 0.07
RBC transfused during the whole hospital stay 6.4 ± 3.7 10.1 ± 6.6 <0.001
Crystalloid received in the first 24 h (L) 4.8 [2-7] 5.2 [2-8] 0.19

Table II. Transfusion data during recovery in hospital.

RBC: Red Blood Cell; FFP: Fresh Frozen Plasma.

Figure 2. Days of storage of Red-Cell Units related to the
number of units transfused.
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If the experimental groups are classified con-
sidering the transfusions received during the
whole hospital stay, as in our main analysis, it
is entirely possible that the old RBC units were
transfused after the occurrence of the out-
comes. Therefore, we repeated the analyses on-
ly using the first two or the first three days in
order to classify the patients. However, the dif-
ferences in LOS between the groups were con-
firmed (old vs fresh groups, first two days used
for classification: LOS in ICU, 17.4±7.5 vs
13.1±9 days, p = 0.002; first three days used
for classification: LOS in ICU, 17.3±8.1 vs
13.1±8.6, p = 0.002).

Discussion

The main finding of the present study is that
patients with a major trauma, which were trans-
fused with old (≥14 days) RBC had a longer
LOS in ICU and in hospital, but not in-hospital
mortality, than those transfused with fresh RBC
only. Similar results in trauma patients were re-
ported by Murrell et al13 who, however, used as
age parameter the product of the average storage
age and the total number of RBC units trans-
fused. The total number of transfused RBC units
is a well known confounder, as it is associated
both with the risk of receiving an old RBC unit
and, obviously, with the severity of trauma. This
notwithstanding, the association between storage
age and LOS remained quite significant after the
inclusion of the total number of transfused RBC
units in the statistical model. 

Baseline clinical characteristics, particularly
injury severity and type, and haemoglobin con-
centration, were well balanced between the ex-
perimental groups, testifying to the quasi-random
occurrence of the transfusion of an old RBC unit. 

Among the outcomes, only LOS in ICU and in
hospital were significantly different between the
groups (LOS in ICU: 18.4±9.3 (old) vs
11.7±80.0 days (fresh), p < 0.001; LOS in hospi-
tal: 77 ± 35 vs 44 ± 29 days, p < 0.001) (Table
III). The correlation between the number of old
RBC units transfused and LOS in ICU is statisti-
cally significant (p < 0.001).

The difference in LOS between the experimen-
tal groups was confirmed in the multivariate
analysis (Table IV). (Table IV shows the results
of the analysis regarding the LOS in ICU only.
The results for the LOS in hospital were similar).
In particular, the difference remained statistically
significant (p = 0.003), notwithstanding the in-
clusion in the model of the total number of trans-
fused RBC. The latter is significantly associated
both to the risk of receiving old RBC (hazard ra-
tio [HR]: 1.12; 95% confidence interval [CI]:
1.08-1.15; p < 0.001) and to a prolonged LOS
(standardized regression coefficient: 0.546, p <
0.001). Among the other covariates considered in
the model, ISS was statistically significant (p =
0.012), while age of the oldest RBC unit was not.
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Fresh Group Old Group p

ICU length of stay 11.7 ± 8.0 18.4 ± 9.3 <0.001
Hospital length of stay 44.7 ± 29.7 76.8 ± 35.3 <0.001
Days of mechanical ventilation 9.4 ± 2.3 11.2 ± 1.7 0.09
Sepsis 287 (76.3%) 239 (74.4%) 0.56
Mortality 90 (23.9%) 69 (21.4%) 0.41

Table III. Clinical outcomes.

ICU: Intensive Care Unit.

Variables Standardized regression coefficient p

Number of RBC received 0.546 <0.001
Fresh or old group 0.160 0.003
ISS score 0.112 0.012
Age of the oldest unit given -0.077 0.148
Sex 0.053 0.173
INR 0.137 0.248
Age of the patient at admission 0.036 0.354
FFP given 0.047 0.362
Year of discharge 0.032 0.407

Table IV. Multivariate analysis results regarding the LOS in ICU.

ISS: Injury severity score; ICU: Intensive Care Unit

ing old RBC. In this case, however, storage age
should not be independently associated with LOS
and the association should not remain significant
after the correction for the number of RBC trans-
fused. Moreover, the baseline characteristics of
the patients in the two experimental groups
should presumably differ, which this not the case
in our study. Another hypothetical explanation is
that patients do not differ initially but, because of
the individual preferences of the attending physi-
cians, some of them are administered more fluids
(including perhaps more blood components). It
has long been suspected that a vigorous treat-
ment of hypovolemia before haemostasis has
been reached may be detrimental14 and recent ev-
idence confirms it15. 

Presumably, the consequent increase in the
blood pressure aggravates bleeding through clot
disruption, and dilutional coagulopathy may also
contribute. Those patients would then receive
more blood components and a spurious associa-
tion between storage age and LOS would ensue.
The latter hypothesis fits neatly with some of our
findings and cannot be discounted altogether, but
it is hardly compatible with the results of the
multivariate analysis. 

The higher prevalence of the more heavily
transfused patients among the old group is expect-
ed and has been noted in other studies3. Figure 2
illustrates that point nicely: the curve showing the
maximum storage age crosses the cut off age (14
days) at approximately 4-5 RBC units. Comparing
the graph of Figure 2 with the analogous one (Fig-
ure 1) in reference 13, it is apparent that the RBC
units transfused in our Institution are generally
fresher. In fact, the group including the patients
who only received fresh RBC was more numerous
than the other. In our province there is a high
prevalence of transfusion-dependent patients with
homozygous beta-thalassemia and their transfu-
sion needs, together with those of the rest of the
population, exceed the blood units collected local-
ly by approximately 3-15% annually. The differ-
ence is provided by the Regional Blood Centre
when necessary. Therefore, blood components are
used after a short period of storage and very rarely
reach the expiry date (35 days in our Institution). 

The most obvious alternative explanation for
the apparent association between storage age and
LOS is that patients who are bleeding more se-
verely receive more blood components and, be-
cause of this, have a higher probability of receiv-



Our study is apparently free of most, if not all
the known pitfalls of retrospective studies on the
clinical impact of the transfusion of stored
RBC16. Apart from the inclusion of the total num-
ber of transfused RBC in the multivariate analy-
sis and the balanced distribution of baseline clini-
cal characteristics, the difference in the LOS was
also confirmed when only the transfusions in the
first 2-3 days were used to classify the patients
into the fresh and old groups. Moreover, in the
case of the LOS in hospital it is not possible that
the association be confounded by transfusions
performed after the outcome has occurred16. The
imbalance in the distribution of ABO blood
groups between recipients of fresh and old RBC,
normally the excess of O in the fresh group17,
was not present in our patient population. The
preferential assignment of older RBC units to the
most severely affected patients, which is a non-
written but reasonable policy aimed at avoiding
the discarding of units close to the expiry date16,
is not applied in our Institution. RBC units are
assigned just before transfusion (the blood trans-
fusion service is located inside the hospital), the
return rate is less than 6%, and the expiration rate
is less than 0.8%.

Therefore, our findings raise the suspicion that
the association between the transfusion of old
RBC and LOS hides a causal relationship and is
not only the effect of unaccounted residual con-
founding factors. An association between the
transfusion of old RBC and increased mortality
and morbidity has been reported in a large retro-
spective study where the two experimental
groups had been transfused at a similar rate17. 

Certainly, an increased LOS is just a surrogate
for worse clinical conditions. Unfortunately, our
results do not offer any clue as to the possible
mechanism(s), if any, for the putative adverse ef-
fects of the transfusion of stored RBC on clinical
outcomes. Apart from the prolonged LOS, all the
other clinical outcomes at our disposal did not
show any significant worsening in recipients of
stored RBC. 

The oxygen delivery function of stored RBC is
impaired by at least two mechanisms. One is the
depletion of 2,3-DPG, which is almost complete
by the second week of storage18. This condition is
reversible in vivo but a complete recovery requires
48-72 hours19 and may be too late in an acute situ-
ation. The second mechanism is the impaired
modulation of microcirculatory blood flow, which
depends on the local release of nitric oxide20,21 or
ATP20 by RBC. The decline of S-nitrosothiol-
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haemoglobin occurs early during storage and is
not reversible in vivo20,21. The loss of deformabili-
ty, which takes place more gradually, may further
hinder microcirculation and aggravate organ is-
chaemia20. It is not known whether the loss of de-
formability is reversible in vivo or not.

RBC units contain variable amounts of leuko-
cytes and platelets which are very dependent on
the technicalities of their preparation: whether
the buffy coat is removed or platelets are pre-
pared and by what technique (platelet-rich plas-
ma or buffy-coat method), whether they are
leukoreduced and, if they are, whether leukocyte
removal is pre- or post-storage. These details
could be not negligible, as residual leucocytes re-
lease a variety of substances (enzymes, cy-
tokines, etc.) which produce biologically active
lipids, attract monocytes and prime neutrophils3,5.
The clinical importance of these phenomena is at
present unknown. An intriguing observation may
be related to these aspects, however: that detri-
mental effects of the transfusion of stored RBC
are found in North American but not in European
studies, suggesting a role for differences in the
preparation of RBC concentrates2. In this regard,
our study is an exception. At first sight, the
leukocyte content of our RBC concentrates could
be blamed for the difference. In fact, contrary to
what is generally performed in Europe, in our In-
stitution the RBC concentrates are not buffy-
coat-poor nor leukoreduced. However, two recent
pediatric studies which showed a significant as-
sociation with multiple organ dysfunction syn-
drome, used RBC units which had been leukore-
duced pre-storage23,24. 

The limitations of our study are primarily due
to its retrospective nature. One can argue that our
results might be partially explained by differ-
ences of severity of the enrolled patients. Al-
though we cannot exclude a priori this possibili-
ty, we are confident that the two groups had simi-
lar clinical characteristics (Table I), as pointed
out by the ISS score, vital parameters, lactate and
base excess.

Conclusions

Patients with major trauma transfused with old
(≥14 days) red cells had a longer length of stay in
intensive care unit and in hospital, without any
difference in mortality, incidence of sepsis or
days of mechanical ventilation. Drawing firm
conclusions from a retrospective study is notori-
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ously difficult. Prospective studies will certainly
help clarify the issue by establishing whether
RBC storage is associated with worse clinical
outcomes and, it is hoped, by suggesting possible
mechanisms for the adverse effects. Several
prospective studies can partly support the delete-
rious effects of RBC storage25,26. However, if the
relevant storage lesion is not identified in ad-
vance and its temporal pattern is not taken into
account in the design phase, the statistical power
of a prospective clinical trial could turn out to be
much lower than expected27.

–––––––––––––––––
Financial support
The study was supported by a grant from the University of
Ferrara.

–––––––––––––––––-––––
Conflict of Interest
The Authors declare that they have no conflict of interests.

References

1) HESS JR. Red blood cell storage. J Proteomics
2010; 73: 368-373.

2) GERBER DR. Risks of packed red blood cell transfu-
sion in patients undergoing cardiac surgery. J Crit
Care 2012; 27: 737.e1-9.

3) VAN DE WATERING LMG, BRAND A. Effects of storage
of red cells. Transfus Med Hemother 2008; 35:
359-367.

4) TINMOUTH A, FERGUSSON D, YEE IC, HÉBERT PC for the
ABLE Investigators and the Canadian Critical
Care Trials Group. Clinical consequences of red
cell storage in the critically ill. Transfusion 2006;
46: 2014-2027.

5) ZIMRIN AB, HESS JR. Current issues relating to the
transfusion of stored red blood cells. Vox Sang
2009; 96: 93-103.

6) LELUBRE C, PIAGNERELLI M, VINCENT JL. Association
between duration of storage of transfused red
blood cells and morbidity and mortality in adult
patients: myth or reality? Transfusion 2009; 49:
1384-1394.

7) VAN DE WATERING LMG, LORINSER J, VERSTEEGH M,
WESTENDORD R, BRAND A. Effects of storage time of
red blood cell transfusions on the prognosis of
coronary artery bypass graft patients. Transfusion
2006; 46: 1712-1718.

8) DARDASHTI A, EDEROTH P, ALGOTSSON L, BRONDÉN B,
LÜHRS C, BJURSTEN H. Blood transfusion after car-
diac surgery: is it the patient or the transfusion
that carries the risk? Acta Anaesthesiol Scand
2011; 55: 952-961.

2695

Transfusion of stored red blood cells in critically ill trauma patients: a retrospective study

9) EDGREN G, KAMPER-JØRGENSEN M, ELORANTA S ROST-
GAARD K, CUSTER B, ULLUM H, MURPHY EL, BUSCH

MP, REILLY M, MELBYE M, HJALGRIM H, NYRÉN O.
Duration of red blood cell storage and survival
of transfused patients. Transfusion 2010; 50:
1185-1195.

10) SANDERS J, PATEL S, COOPER J, BERRYMAN J, FARRAR D,
MYTHEN M, MONTGOMERY HE. Red blood cell stor-
age is associated with length of stay and renal
complications after cardiac surgery. Transfusion
2011; 51: 2286-2294.

11) LELUBRE C, VINCENT JL. Relationship between red
cell storage duration and outcomes in adults re-
ceiving red cell transfusions: a systematic review.
Crit Care 2013; 17: R66.

12) VANDROMME MJ, MCGWIN G JR, WEINBERG JA. Blood
transfusion in the critically ill: does storage age
matter? Scand J Trauma Resusc Emerg Med
2009; 17: 35.

13) MURRELL Z, HAUKOOS JS, PUTNAM B, KLEIN SR. The ef-
fect of older blood on mortality, need for ICU care,
and the length of ICU stay after major trauma. Am
Surg 2005; 71: 781-785.

14) GAUVIN F, SPINELLA PC, LACROIX J, CHOKER G, DUCRUET

T, KARAM O, HÉBERT PC, HUTCHISON JS, HUME HA,
TUCCI M; Canadian Critical Care Trials Group and
the Pediatric Acute Lung Injury and Sepsis Inves-
tigators (PALISI) Network. Association between
length of storage of transfused red blood cells
and multiple organ dysfunction syndrome in pedi-
atric intensive care patients. Transfusion 2010; 50:
1902-1913.

15) HUSSMANN B, LEFERING R, WAYDHAS C, TOUMA A, KAU-
THER MD, RUCHHOLTZ S, LENDEMANS S; Trauma Reg-
istry of the German Society for Trauma Surgery.
Does increased prehospital replacement volume
lead to a poor clinical course and an increased
mortality? A matched-pair analysis of 1896 pa-
tients of the Trauma Registry of the German Soci-
ety for Trauma Surgery who were managed by an
emergency doctor at the accident site. Injury
2013; 44: 611-617.

16) VAN DE WATERING L, for the Biomedical Excellence
for Safer Transfusion (BEST) Collaborative. Pit-
falls in the current published observational litera-
ture on the effects of red blood cell storage. Trans-
fusion 2011; 51: 1847-1854.

17) KOCH CG, LI L, SESSLER DI, HOELTGE GA, MIHALJEVIC T,
BLACKSTONE EH. Duration of red-cell storage and
complications after cardiac surgery. N Engl J Med
2008; 358: 1229-1239.

18) HOGMAN CF, MERYMAN HT. Storage parameters
affecting red blood cell survival and function af-
ter transfusion. Transfus Med Rev 1999; 13;
275-296.

19) HEATON A, KEEGAN T, HOLME S. In vivo regeneration
of red cell 2,3-diphosphoglycerate following trans-
fusion of DPG-depleted AS-l, AS-3 and CPDA-1
red cells. Br J Haematol 1989; 71: 131-136. 

20) REYNOLDS JD, AHEARN GS, ANGELO M, ZHANG J, COBB

F, STAMLER JS. S-nitrosohaemoglobin deficiency: a



mechanism for loss of physiological activity in
banked blood. Proc Natl Acad Sci USA 2007; 104:
17058-17062.

21) BENNETT-GUERRERO E, VELDMAN TH, DOCTOR A, TELEN

MJ, ORTEL TL, REID TS, MULHERIN MA, ZHU H, BUCK

RD, CALIFF RM, MCMAHON TJ. Evolution of adverse
changes in stored RBCs. Proc Natl Acad Sci USA
2007; 104: 17063-17068.

22) ISBELL TS, SUN CW, WU LC, TENG X, VITTURI DA,
BRANCH BG, KEVIL CG, PENG N, WYSS JM, AMBALA-
VANAN N, SCHWIEBERT L, REN J, PAWLIK KM, RENFROW

MB, PATEL RP, TOWNES TM. SNO-haemoglobin is not
essential for red blood cell-dependent hypoxic va-
sodilation. Nat Med 2008; 14: 773-777. 

23) WEINBERG JA, MACLENNAN PA, VANDROMME-CUSICK

MJ, MAGNOTTI LJ, KERBY JD, RUE LW 3RD, ANGOTTI

JM, GARRETT CA, HENDRICK LE, CROCE MA, FABIAN TC,
BARNUM SR, PATEL RP. The deleterious effect of red
blood cell storage on microvascular response to
transfusion. J Trauma Acute Care Surg 2013; 75:
807-812.

24) KARAM O, TUCCI M, BATEMAN ST, DUCRUET T, SPINELLA

PC, RANDOLPH AG, LACROIX J. Association between
length of storage of red blood cell units and out-
come of critically ill children: a prospective obser-
vational study. Critical Care 2010; 14: R57.

25) ROBERTS I, EVANS P, BUNN F, KWAN I, CROWHURST E. Is
the normalisation of blood pressure in bleeding
trauma patients harmful? Lancet 2001; 357: 385-
387.

26) BAEK JH, D'AGNILLO F, VALLELIAN F, PEREIRA CP,
WILLIAMS MC, JIA Y, SCHAER DJ, BUEHLER PW. He-
moglobin-driven pathophysiology is an in vivo
consequence of the red blood cell storage le-
sion that can be attenuated in guinea pigs by
haptoglobin therapy. J Clin Invest 2012; 122:
1444-1458.

27) PEREIRA A. Will clinical studies elucidate the con-
nection between the length of storage of trans-
fused red blood cells and clinical outcomes? An
analysis based on the simulation of randomized
controlled trials. Transfusion 2013; 53: 34-40.

S. Spadaro, R. Reverberi, A. Fogagnolo, R. Ragazzi, N. Napoli, E. Marangoni, T. Bellini, C.A. Volta

2696


