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Red Cells — Aging Gracefully in the Blood Bank
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Since the advent of clinical blood transfusions 
early in the 20th century, transfusion medicine 
has evolved dramatically. The findings that anti-
coagulant and preservative solutions can prevent 
clotting so that blood could be stored before trans-
fusion substantially enhanced the ease, feasibility, 
and safety of transfusions (Fig. 1).1-6 These ad-
vances permitted the storage of red-cell units for 
up to 42 days rather than the need to transfuse 
fresh blood.

However, now one of the major controversies 
regarding transfusion therapy is whether older 
blood is harmful, owing to a red-cell “storage 
lesion.” In vitro data have shown that red cells that 
are stored for increased periods of time have de-
creased 2,3-diphosphoglycerate levels, decreased 
nitric oxide metabolism, impaired deformability, 
and increased endothelial adherence; in addition, 
the storage medium may have increased levels of 
free hemoglobin, free iron, and inflammatory 
mediators.7,8 Studies in animal models have sug-
gested that older blood may worsen the conse-
quences of bacterial infection.9 The debate over 
the duration of red-cell storage intensified after 
the Journal published a retrospective study of pa-
tients undergoing cardiac surgery suggesting 
that the use of older red cells was associated 
with increased mortality.1

During the past 20 years, investigators have 
conducted 13 randomized trials involving more 
than 5000 patients to evaluate the effect of short-
term storage versus long-term storage of blood.10 
None of these trials suggested that fresher blood 
is superior to older blood. On the basis of these 
data, the AABB (formerly, the American Associa-
tion of Blood Banks) recently published transfu-
sion guidelines with one recommendation stating 

that all patients (including neonates requiring 
transfusion) should receive red-cell units that are 
selected at any point within their licensed dating 
period (standard issue) rather than limiting pa-
tients to transfusion of units that have been stored 
for less than 10 days, a suggestion that was labeled 
as a “strong recommendation” with “moderate 
quality evidence” on the basis of the Grading of 
Recommendations Assessment, Development, and 
Evaluation (GRADE) method.10 However, the stor-
age-duration controversy led to many in vitro 
studies of red-cell storage and enhanced our un-
derstanding of the blood aging process.11

Heddle and colleagues6 now report in the Jour-
nal the results of the Informing Fresh versus Old 
Red Cell Management (INFORM) trial, which 
showed no significant difference in mortality be-
tween patients who received a transfusion of blood 
that had been stored for a median of 11 days 
(short-term storage group) and those who received 
a transfusion of blood that had been stored for a 
median of 23 days (long-term storage group). 
The trial is informative, since it evaluates a gen-
eral hospital population (including patients in 
the intensive care unit, those undergoing cardio-
vascular surgery, and those with cancer) and was 
sufficiently powered to assess mortality. The 
INFORM trial evaluated almost four times the 
number of patients who were included in the other 
13 previous trials combined. Thus, the data from 
this trial have substantially more weight to as-
sess mortality. Although the investigators in the 
INFORM trial did not evaluate infants or children, 
previous trials in which these populations were 
enrolled showed that the duration of red-cell 
storage did not appear to have an effect on mor-
bidity.2,5 Thus, the combined data show that the 
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transfusion of fresher red cells is not advanta-
geous for most hospitalized patients and sup-
port the current practices of blood banks, which 
manage a resource that is already constrained.

In addition to the information provided con-
cerning transfusions, the INFORM trial used a 
pragmatic design that can serve as a model for 
other trials. The investigators were able to enroll 
and randomly assign more than 30,000 patients 
in approximately 3 years at an approximate cost 
of $40 per patient by using electronic databases, 
consent waivers (because all the patients received 
treatment that was consistent with the current 
standard of care), and objective outcomes, includ-
ing mortality rather than the surrogate markers 
that were used in smaller trials. Pragmatic trials 
are extremely good at evaluating broad groups of 
patients. However, such trials are not as advan-
tageous or feasible if consent is required or the 
intervention does not lend itself to easy imple-
mentation. In addition, there is often a lack of 
data to perform analyses of secondary outcomes, 
such as infection, morbidity, and length of hos-
pital stay.

Even though the results of the INFORM trial 
should end the debate regarding whether short-

term or long-term storage of blood is advanta-
geous, the question is still open as to whether 
the transfusion of red cells during the last week 
of storage (35 to 42 days) poses more risk than 
the transfusion of blood stored for shorter inter-
vals. The results of observational studies and 
animal models have caused lingering concern 
about the use of the oldest blood.7-9,12 One advan-
tage of the INFORM trial with its large numbers 
is that the data can be analyzed to answer this 
remaining issue, and we encourage the authors 
to pursue this question. Although the INFORM 
trial should resolve clinicians’ questions about 
stored red cells, the transfusion-medicine com-
munity needs to know whether the storage period 
should be reduced (e.g., <35 days) or new preser-
vative solutions should be sought.

Disclosure forms provided by the authors are available with 
the full text of this editorial at NEJM.org.

From the Division of Transfusion Medicine, Department of Pa-
thology, Johns Hopkins University, Baltimore. 

This editorial was published on October 24, 2016, at NEJM.org.
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Figure 1. Timeline of Important Events in the Development of Blood Transfusion.

Shown are major events in the history of blood transfusion, including the publication of articles on the duration of blood storage by 
Koch et al.,1 Fergusson et al. (Age of Red Blood Cells in Premature Infants [ARIPI]),2 Steiner et al. (Red-Cell Storage Duration Study  
[RECESS]),3 Lacroix et al. (Age of Blood Evaluation [ABLE]),4 Dhabangi et al. (Tissue Oxygenation by Transfusion in Severe Anemia with 
Lactic Acidosis [TOTAL]),5 and Heddle et al. (Informing Fresh versus Old Red Cell Management [INFORM]).6 FDA denotes Food and 
Drug Administration.
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BACKGROUND
Randomized, controlled trials have suggested that the transfusion of blood after pro-
longed storage does not increase the risk of adverse outcomes among patients, although 
most of these trials were restricted to high-risk populations and were not powered to 
detect small but clinically important differences in mortality. We sought to find out 
whether the duration of blood storage would have an effect on mortality after transfusion 
in a general population of hospitalized patients.

METHODS
In this pragmatic, randomized, controlled trial conducted at six hospitals in four coun-
tries, we randomly assigned patients who required a red-cell transfusion to receive blood 
that had been stored for the shortest duration (short-term storage group) or the longest 
duration (long-term storage group) in a 1:2 ratio. Only patients with type A or O blood 
were included in the primary analysis, since pilot data suggested that our goal of achiev-
ing a difference in the mean duration of blood storage of at least 10 days would not be 
possible with other blood types. Written informed consent was waived because all the 
patients received treatment consistent with the current standard of care. The primary 
outcome was in-hospital mortality, which was estimated by means of a logistic-regression 
model after adjustment for study center and patient blood type.

RESULTS
From April 2012 through October 2015, a total of 31,497 patients underwent randomiza-
tion. Of these patients, 6761 who did not meet all the enrollment criteria were excluded 
after randomization. The primary analysis included 20,858 patients with type A or O blood. 
Of these patients, 6936 were assigned to the short-term storage group and 13,922 to the 
long-term storage group. The mean storage duration was 13.0 days in the short-term stor-
age group and 23.6 days in the long-term storage group. There were 634 deaths (9.1%) in 
the short-term storage group and 1213 (8.7%) in the long-term storage group (odds ratio, 
1.05; 95% confidence interval [CI], 0.95 to 1.16; P = 0.34). When the analysis was expanded 
to include the 24,736 patients with any blood type, the results were similar, with rates of 
death of 9.1% and 8.8%, respectively (odds ratio, 1.04; 95% CI, 0.95 to 1.14; P = 0.38). Ad-
ditional results were consistent in three prespecified high-risk subgroups (patients under-
going cardiovascular surgery, those admitted to intensive care, and those with cancer).

CONCLUSIONS
Among patients in a general hospital population, there was no significant difference in 
the rate of death among those who underwent transfusion with the freshest available 
blood and those who underwent transfusion according to the standard practice of trans-
fusing the oldest available blood. (Funded by the Canadian Institutes of Health Research 
and others; INFORM Current Controlled Trials number, ISRCTN08118744.)
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Red-cell transfusion is one of the 
most common medical interventions.1 
Blood is stored for up to 42 days before 

transfusion. Biochemical, structural, and func-
tional changes during storage may reduce oxy-
gen delivery to tissues, and the release of extra-
cellular vesicles and cell-free DNA during storage 
may cause a hypercoagulable state.2 Observa-
tional studies have suggested that prolonged 
blood storage is associated with an increased 
risk of cardiovascular events.3 Randomized, con-
trolled trials have not shown harm in transfus-
ing red-cell units with a longer duration versus 
a shorter duration of storage. However, most of 
these trials have been restricted to high-risk 
populations and have not been powered to de-
tect small but clinically important differences in 
mortality.4-7

We report the results of a large, multicenter, 
pragmatic, randomized trial involving hospital-
ized patients requiring a red-cell transfusion. 
Our goal was to determine whether the in-hos-
pital rate of death among patients requiring trans-
fusion was lower among those who received 
blood after short-term storage than among those 
who received blood after long-term storage.

Me thods

Study Design
In the Informing Fresh versus Old Red Cell Man-
agement (INFORM) trial, we assigned hospital-
ized patients to receive transfusions of the fresh-
est red cells in the inventory (short-term storage 
group) or the oldest available red cells (long-
term storage group).8 The steering committee 
designed the trial protocol, which is available 
with the full text of this article at NEJM.org. The 
McMaster Centre for Transfusion Research was 
the sponsor and coordinating center for the 
study and was responsible for the randomization 
design, coordination of data collection and data 
management, data validation, analyses, and trial-
center coordination. The steering committee 
vouches for the completeness and accuracy of 
the data and analyses and for the fidelity of the 
trial to the protocol.

The trial was funded by the Canadian Insti-
tutes of Health Research, Canadian Blood Ser-
vices, and Health Canada. None of the funding 
sources had a role in the design or conduct of 
the trial, data collection, analyses, or manuscript 

preparation. The ethics review committee at each 
study center approved the study and waived the 
need for individual patient consent because all 
the patients received treatment that was consis-
tent with the current standard of care, including 
a maximum blood-storage duration of 35 or 42 
days, depending on the study center.

Patient Population
Hospitalized patients who were 18 years of age 
or older and who required a red-cell transfusion 
were eligible. Patients were excluded if they were 
expected to receive a massive transfusion (a request 
for 10 or more red-cell units at a time), required 
blood that had not been cross-matched, required 
autologous or directed transfusion, or had an 
indication for fresh-only red-cell transfusion. 
Some patients with alloimmunity to red-cell 
antigens were excluded if it would be difficult to 
find compatible blood. Patients were recruited 
from six hospitals in four countries (Australia, 
Canada, Israel, and the United States). At the 
U.S. study center, patients who were undergoing 
cardiac surgery were excluded because of a com-
peting study,9 and at one Canadian study center, 
patients in the intensive care unit (ICU) were 
excluded until a competing study was completed 
in August 2014.5

Randomization and Intervention
Randomization was performed by the staff of 
the hospital blood bank after receipt of a trans-
fusion request. Patients were assigned in a 1:2 
ratio to receive blood that had been stored for 
the shortest period of time (short-term storage 
group) or for the longest period of time (long-
term storage group). Study-group assignments 
were performed with the use of a computer-
generated randomization schedule stratified ac-
cording to study center and patient blood type 
(A, B, AB, or O). The 1:2 ratio was used to avoid 
excessive outdating of red cells. Within each 
stratum, treatment assignments were made with 
the use of random block sizes (3 and 6). The trial 
was not blinded, since regulatory agencies require 
blood suppliers to label all red-cell products with 
the date of blood collection or expiration.

Patients received either the freshest red cells 
in the blood bank’s inventory or the oldest red 
cells available, according to their study-group 
assignment. Local policies regarding the dura-
tion of red-cell storage and transfusion thresholds 
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were observed (see Table S1 in the Supplemen-
tary Appendix, available at NEJM.org). The study 
protocol prespecified the goal of a minimum 
difference of 10 days in the mean duration of 
red-cell storage between the two study groups. 
Patients received red cells according to their as-
signed study group throughout the initial admis-
sion and any subsequent admissions during the 
study period. The conduct of the trial did not 
affect blood inventory policies, the decision to 
transfuse, the number of red-cell units trans-
fused, or the administration of any other thera-
pies or procedures.

Outcomes
The primary outcome was in-hospital mortality. 
The secondary outcome was the interval from 
hospital admission to in-hospital death. The 
primary analyses were restricted to patients with 
type A or O blood, since pilot studies had 
showed that a difference in the average storage 
duration of at least 10 days would not be achiev-
able in patients with the less common B and AB 
blood types.10 Secondary analyses included pa-
tients with any blood type.

Data Collection
We collected all trial data from hospital elec-
tronic medical records. Such data included de-
mographic information, diagnoses, duration of 
hospital stay, and vital status at discharge. We 
obtained information on all transfused red cells 
(blood type and storage duration) electronically 
from hospitals’ laboratory information systems, 
which have been validated for accuracy and ap-
proved by regulatory bodies. We also monitored 
the number of red-cell units that were outdated.

Statistical Analysis
We determined that a sample size of 24,400 pa-
tients with any blood type would provide a 
power of 90% to detect a 15% lower relative risk 
of in-hospital death in the short-term storage 
group than in the long-term storage group 
among patients with type A or O blood, assum-
ing a 1:2 ratio for randomization and a 10% rate 
of in-hospital death in the long-term storage 
group. This calculation also assumed that 20% 
of all the patients who underwent randomiza-
tion would not receive a transfusion (to account 
for blood stored in a remote refrigerator or sent 
to the operating suite in a cooler but not used) 

and that these patients would not be included in 
the analyses. We increased the sample size to 
31,497 patients with any blood type after 12,555 
patients had undergone randomization because 
the overall observed frequency of in-hospital 
death (approximately 8.2%) was lower than ex-
pected. The new sample-size calculation (per-
formed in September 2014) was based on 8% 
mortality in the long-term storage group and a 
15% relative risk reduction in mortality in the 
short-term storage group (absolute risk reduction, 
1.2 percentage points).

We performed two prespecified interim analy-
ses when approximately 50% and 75% of the 
events had occurred. The modified Haybittle–
Peto stopping boundary (i.e., 4 and 3 SD when 
50% and 75% of events were accrued, respec-
tively) was prespecified. If the threshold was 
crossed, confirmatory testing would be repeated 
3 months later. No adjustment of the final sig-
nificance level was made owing to the highly 
conservative stopping rule.

The primary analysis was based on a modi-
fied intention-to-treat principle that included pa-
tients with type A or O blood and excluded 
patients who were not hospitalized or did not 
receive a blood transfusion. Only data from a 
patient’s first admission were included in the 
analysis. Patients were followed until in-hospital 
death or discharge. Data for patients who under-
went randomization near the end of the accrual 
period were censored after 30 days of follow-up 
if they were still hospitalized; such patients were 
listed in the binary analyses as being alive. We 
repeated all analyses that included patients with 
type A or O blood as secondary analyses for 
patients with any blood type.

A logistic-regression model was fitted with 
in-hospital death as the outcome, and stratified 
according to study center and patient blood 
type.11 We obtained odds ratios and 95% confi-
dence intervals from this model. We used a Wald 
test to assess the null hypothesis of no between-
group difference in the rates of in-hospital 
death. A secondary analysis was based on a Cox 
regression model of the interval between admis-
sion and in-hospital death that was fitted for all 
patients with type A or O blood and stratified 
according to study center and patient blood type. 
Model diagnostics for the proportional-hazards 
assumption were based on Schoenfeld residuals 
and associated tests.12,13 The cumulative probabil-
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ity of in-hospital death was estimated nonpara-
metrically, with hospital discharge treated as a 
competing risk.14

Subgroup analyses were performed to assess 
the homogeneity of the treatment effect among 
study centers, countries, blood types, and main 
diagnosis categories (cardiovascular disease, can-
cer, trauma, digestive diseases, and “other”). Four 
logistic-regression models were fitted for patients 
with type A or O blood, including main effects 
for each group variable and the interaction term 
between the treatment indicator and the group 
variable. Primary and secondary analyses were 
also carried out for three prespecified high-risk 
subgroups of the trial cohort: patients under-
going cardiovascular surgery, those admitted to 
the ICU, and those with cancer.

Additional exploratory analyses were conduct-

ed to further assess the effect of storage dura-
tion on in-hospital mortality. Cox regression 
models were fitted to include a time-dependent 
covariate representing the maximum storage 
duration of red-cell units received and stratified 
according to study center, blood type, and the 
cumulative number of units of blood received; 
the latter stratification variable is a potential 
confounder, since patients requiring more units 
are at increased risk for both exposure to older 
blood and death. An additional analysis used the 
cumulative mean storage duration of units re-
ceived.

All the analyses were performed with the 
use of SAS software, version 9.4 (SAS Institute). 
A P value of less than 0.05 was considered to 
indicate statistical significance, with no adjust-
ments for multiple testing.

Figure 1. Enrollment and Outcomes.

Hospitalized patients who required a red-cell transfusion were assigned to receive blood that had been stored for the shortest time 
(short-term storage group) or for the longest time (long-term storage group). The criteria for the exclusion of patients from the primary 
and secondary analyses were not mutually exclusive and were applied in a hierarchical order, as listed here.

31,497 Underwent randomization

4478 Were excluded from long-term 
storage group
51 Underwent randomization

twice
154 Did not have identification

on record
85 Were <18 yr of age
53 Underwent transfusion

without cross-matching
2 Required autologous

or directed transfusions
5 Required a massive

transfusion
11 Had antibodies present

232 Were not admitted to the
hospital

3885 Did not undergo red-cell
transfusion

2283 Were excluded from short-term
storage group
18 Underwent randomization

twice
81 Did not have identification

on record
43 Were <18 yr of age
29 Underwent transfusion

without cross-matching
2 Required autologous  

or directed transfusion
6 Had antibodies present

110 Were not admitted to the
hospital

1994 Did not undergo red-cell
transfusion

6936 Patients with type A
or O blood were included

in the primary analysis

8215 Patients with any
blood type were included
in the secondary analysis

13,922 Patients with type A
or O blood were included

in the primary analysis

16,521 Patients with any
blood type were included
in the secondary analysis

10,498 Were assigned to the
short-term storage group

20,999 Were assigned to the
long-term storage group
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R esult s

Patients

From April 2012 through October 2015, a total of 
31,497 patients underwent randomization (Fig. 1). 
Of these patients, 6761 were excluded after ran-
domization, which left 24,736 who met all the 

enrollment criteria. A total of 3878 patients had 
type B or AB blood, which left 20,858 patients 
for inclusion in the primary analysis (6936 in the 
short-term storage group and 13,922 in the long-
term storage group). The characteristics of the 
patients with type A or O blood in the two study 
groups were well balanced at baseline (Table 1, 

Characteristic

Short-Term 
Storage Group 

(N = 6936)

Long-Term 
Storage Group 

(N = 13,922)

Female sex — no. (%)† 3442 (49.6) 6913 (49.7)

Median age (IQR) — yr 69 (57–79) 69 (57–79)

Blood type — no. (%)

A 3307 (47.7) 6613 (47.5)

O 3629 (52.3) 7309 (52.5)

No. of days from admission to first transfusion

Median (IQR) 2 (0–5) 2 (0–5)

5th to 95th percentile 0–17 0–17

Category of disease diagnosis — no. (%)‡

Infectious or parasitic 207 (3.0) 370 (2.7)

Neoplasms 891 (12.8) 1931 (13.9)

Blood or blood-forming organs and immune-system disorders 439 (6.3) 840 (6.0)

Endocrine, nutritional, or metabolic 165 (2.4) 327 (2.3)

Circulatory system 1947 (28.1) 3818 (27.4)

Respiratory system 303 (4.4) 576 (4.1)

Digestive system 847 (12.2) 1676 (12.0)

Musculoskeletal system and connective tissue 342 (4.9) 661 (4.7)

Genitourinary system 236 (3.4) 517 (3.7)

Pregnancy, childbirth, and puerperium 132 (1.9) 295 (2.1)

Injury, poisoning, or external causes, including trauma 965 (13.9) 1916 (13.8)

Factors influencing health status and contact with health services§ 113 (1.6) 229 (1.6)

Symptoms, signs, and abnormal clinical and laboratory findings¶ 202 (2.9) 387 (2.8)

Other diagnosis∥ 147 (2.1) 379 (2.7)

*  All the patients who were included in the primary analysis had type A or O blood. Hospitalized patients who required a 
red-cell transfusion were assigned to receive blood that had been stored for the shortest duration (short-term storage 
group) or the longest duration (long-term storage group). There were no significant differences between the two groups. 
IQR denotes interquartile range.

†  Data regarding sex were missing for 1 patient in the long-term storage group.
‡  Diagnosis categories are based on version 10 of the International Classification of Diseases (ICD) for study centers in 

Australia and Canada and version 9 for those in the United States and Israel. Data were missing for 16 patients in the 
short-term storage group and 40 in the long-term storage group.

§  This category includes factors influencing individual health status (e.g., potential health hazards related to communica-
ble disease) and reasons for contact with health services (e.g., specific procedures, examinations, and investigations).

¶  This category includes symptoms and signs of the various body systems (e.g., nervous and respiratory) that are not 
classified elsewhere and abnormal findings with respect to body fluids (e.g., blood and urine), substances and tissues 
without diagnosis, and poorly defined or unknown causes of death.

∥  This category includes ICD-10 categories in which the frequency within each group was 1% or less or the diagnosis was 
missing. (See Table S2 in the Supplementary Appendix for a more detailed description of all 21 main diagnosis categories.)

Table 1. Demographic and Clinical Characteristics of the Patients (Primary Analysis).*
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and Table S2 in the Supplementary Appendix). 
Circulatory disorders, trauma, neoplasms, and 
digestive diseases were the most common diag-
noses and accounted for approximately 67% of 
the study patients.

Transfusion Data
Patients with type A or O blood received 76,356 
units of red cells (25,466 in the short-term stor-
age group and 50,890 in the long-term storage 
group) (Table 2, and Table S3 in the Supplemen-
tary Appendix). Patients in each group received 
a median number of 2 red-cell units (interquar-
tile range, 2 to 4). The mean (±SD) storage dura-
tion of the transfused blood was 13.0±7.6 days in 
the short-term storage group and 23.6±8.9 days 
in the long-term storage group (P<0.001) (Ta-
ble 2 and Fig. 2). The proportions of patients in 
each study group who also received platelets, 
plasma, or cryoprecipitate were similar. The fre-
quency of discarded red cells that were outdat-
ed was low (0.5%) and did not increase during 

the study. No crossovers occurred during the 
study.

Outcomes
Among the patients with type A or O blood, 
death was reported in 634 of 6936 (9.1%) in the 
short-term storage group and in 1213 of 13,922 
(8.7%) in the long-term storage group (odds ratio, 
1.05; 95% confidence interval [CI], 0.95 to 1.16; 
P = 0.34). Similar findings were obtained when 
the study center was treated as a random effect. 
No significant interactions according to subgroup 
were found for the study center, country, blood 
type, or diagnosis (Fig. 3). The median duration 
of hospitalization was 10 days (interquartile range, 
5 to 19) for patients in the short-term storage 
group and 10 days (interquartile range, 5 to 20) 
in the long-term storage group.

The hazard ratio for in-hospital death in the 
stratified Cox regression model was 1.08 (95% CI, 
0.98 to 1.19; P = 0.13). A plot of the cumulative 
probability of in-hospital death according to study 

Variable

Short-Term 
Storage Group 

(N = 6936)

Long-Term 
Storage Group 

(N = 13,922) P Value

Median interval from randomization to issue of first red-cell unit 
for transfusion (IQR) — hr

0.1 (0.0–0.5) 0.1 (0.0–0.6) 0.08

No. of red-cell units transfused 25,466 50,890

No. of red-cell units transfused per patient* 0.57

Median (IQR) 2 (2–4) 2 (2–4)

Range 1–227 1–92

No. of red-cell transfusion episodes per patient† 0.78

Median (IQR) 1 (1–2) 1 (1–2)

Range 1–87 1–58

Duration of storage of transfused red cells — days‡ <0.001

Mean ±SD 13.0±7.6 23.6±8.9

Median (IQR) 11 (8–16) 23 (16–31)

Duration of storage of transfused red cells per patient — days <0.001

Median of the mean age of red cells transfused per patient (IQR) 11 (8–15) 24 (18–30)

Median of the oldest red cells transfused per patient (IQR) 12 (8–18) 27 (19–36)

Other transfusions — no. (%)

Platelets 1289 (18.6) 2579 (18.5) 0.91

Plasma 1155 (16.7) 2270 (16.3) 0.49

Cryoprecipitate 403 (5.8) 755 (5.4) 0.23

*  A small number of patients had a large maximum number of red-cell transfusions.
†  A transfusion episode is defined as all transfusions given on a single day.
‡  The protocol specified a minimum difference of 10 days in the mean duration of red-cell storage between the two treat-

ment groups.

Table 2. Transfusion Data (Primary Analysis).
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group for patients with type A or O blood shows 
the absolute effect on in-hospital mortality. For 
example, at 30 days, the cumulative probability 
of death was 6.9% in the short-term storage 
group and 6.5% in the long-term storage group 
(Fig. S1 in the Supplementary Appendix).

The analyses of high-risk subgroups did not 
show significant differences in mortality in the 
short-term storage group and the long-term stor-
age group among those undergoing cardiovascular 
surgery (12.3% and 11.2%, respectively; P = 0.08), 
those in the ICU (13.3% and 12.8%, P = 0.52), 
and those with cancer (8.4% and 8.8%, P = 0.82) 
(Fig. 3). Similar conclusions were obtained from 
the Cox regression models (Fig. S2 in the Sup-
plementary Appendix). Data regarding transfu-
sion exposure among the high-risk subgroups 
are provided in Table S4 in the Supplementary 
Appendix.

Analyses in Patients with Any Blood Type
When the 24,736 patients with any blood type 
were considered, the demographic characteristics 
were similar in the two study groups (Table S5 
in the Supplementary Appendix). The median 
storage duration of the transfused blood was 11 
days (interquartile range, 8 to 17) in the short-
term storage group and 23 days (interquartile 
range, 16 to 31) in the long-term storage group 
(P<0.001) (Table S6 and Fig. S3 in the Supple-
mentary Appendix). A total of 30,185 red-cell units 
were transfused in the short-term storage group 
and 60,424 in the long-term storage group (Tables 
S6 and S7 in the Supplementary Appendix). In-
hospital death was reported in 750 of 8215 pa-
tients (9.1%) in the short-term storage group and 
in 1446 of 16,521 (8.8%) in the long-term storage 
group (odds ratio, 1.04; 95% CI, 0.95 to 1.14; 
P = 0.38). No significant interactions according to 
subgroup were found for the study center, country, 
blood type, or diagnosis (Fig. S4 in the Supple-
mentary Appendix). The hazard ratio for the Cox 
regression model was 1.06 (95% CI, 0.97 to 1.16; 
P = 0.18) (Figs. S5 and S6 in the Supplementary 
Appendix). No significant between-group differ-
ences in mortality were found in any of the high-
risk subgroups.

Exploratory Analyses
In the exploratory analysis in patients with type 
A or O blood, when the maximum storage dura-
tion (in days) of transfused red cells was used as 
a time-dependent covariate in the Cox model 

stratified according to study center, blood type, 
and the cumulative number of units received, 
there was no evidence of an association between 
the age of the blood and in-hospital mortality 
(hazard ratio, 1.00; 95% CI, 0.99 to 1.00; 
P = 0.54). A similar result was observed when the 
cumulative mean storage duration was used 
(hazard ratio, 1.00; 95% CI, 0.99 to 1.00; 
P = 0.61).

Discussion

In our study, we did not find a significant dif-
ference in the rate of death according to the 
duration of blood storage among patients in a 
general hospital population who underwent trans-
fusion. No benefit of fresher blood was seen in 
the primary and secondary analyses, a finding 
that was consistent in the prespecified subgroups 
and high-risk subgroups. The lower boundary of 
the 95% confidence interval for the odds ratio 
for in-hospital mortality (i.e., 0.95) provided re-
assurance that the transfusion of older red cells 
was unlikely to result in an increased risk of 
death. In a separate exploratory analysis, we also 
found no association between the age of blood 
analyzed as a continuous variable and in-hospi-
tal mortality.

Investigators have explored the potential bene-
fit of transfusing fresher blood in at least 13 ran-
domized trials, including those involving neo-
nates, children, patients in the ICU, and those 

Figure 2. Duration of Blood Storage before Transfusion (Primary Analysis).

All the patients who were included in the primary analysis had type A or O 
blood.
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undergoing cardiac surgery.4-7,10,15-22 None of these 
trials has shown a benefit of transfusing fresher 
blood. A meta-analysis that included 12 trials 
and a total of 5229 patients showed a risk ratio 
for death (freshest vs. oldest blood) of 1.04 (95% 
CI, 0.94 to 1.14).23 The largest trial in this meta-
analysis enrolled 2412 patients.5 The results of 
our study, which included a much broader popu-
lation, are consistent with these findings. None 
of the studies involving humans have been de-
signed to determine whether the transfusion of 
the very oldest red cells (i.e., those stored for 35 
to 42 days) affect patient outcomes, a question 
that remains unresolved.24

Our trial had a pragmatic design, which al-
lowed for broad patient enrollment, efficient 
capture of electronic data, waived consent, and 
an objective outcome (i.e., mortality).25 The com-

bination of electronic-data capture and waived 
consent allowed us to randomly assign more 
than 31,000 patients over a period of approxi-
mately 3 years at a cost of about $40 (in U.S. 
dollars) per patient. The enrollment of a broad 
patient population enhances the generalizability 
of the findings. By using an unbalanced ratio of 
1:2 to assign patients to the short-term storage 
group versus the long-term storage group, we 
were able to maintain a minimum difference of 
10 days in the mean duration of red-cell storage 
between the two groups without increasing the 
rate of blood outdating.

However, the pragmatic design of our study 
also has limitations. First, electronic databases 
do not systematically record detailed informa-
tion on coexisting illnesses, reasons for transfu-
sion, cointerventions, nonfatal cardiovascular 

Figure 3. Subgroup Analysis of In-Hospital Mortality after Transfusion.

Odds ratios for in-hospital death among patients with type A or O blood were calculated with the use of a logistic-regression model that 
was stratified according to study center and blood type. Homogeneity testing was not performed for the prespecified high-risk subgroups. 
CI denotes confidence interval.
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outcomes, and causes of death. Second, our re-
sults may not be directly applicable to patients 
with blood type B or AB. However, we are un-
aware of any reason why our results would differ 
according to blood type.

In conclusion, there was no significant differ-
ence in the rate of death among patients in a 
general hospital population who underwent 
transfusion with the freshest available blood and 
those who underwent transfusion according to 

the standard practice of transfusing the oldest 
available blood.
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