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Approximately 11 million units of red cells are transfused an-
nually in the United States, making red-cell transfusion one of the most 
common medical interventions. Red cells are typically administered as a 

concentrate, called packed red cells, with a preservative solution (hematocrit, 60%) 
that allows up to 42 days of refrigerated storage. On average, transfusion of 1 unit 
of red cells, which has a volume of 350 ml, results in a hemoglobin increment of 
1 g per deciliter in an adult with stable blood volume.

In this review, we describe the evidence underlying current transfusion guide-
lines, trends in use, the infectious and noninfectious risks of transfusion, and ongo-
ing research. We describe the effects of transfusion in adults who have cardiovas-
cular disease or gastrointestinal bleeding, who are critically ill, or who are 
undergoing orthopedic surgery, as well as the effects in children. Discussions of 
the safety of transfusion in resource-poor countries and the efficacy of transfusion 
in premature infants, pregnant women, and patients with hemorrhagic shock or 
congenital anemias are beyond the scope of this review.

Indic ations for R ed - Cell Tr a nsfusion

Overall Indications

Randomized clinical trials have shown that earlier results from observational 
studies overestimated the risks associated with blood transfusion. Most trials have 
randomly assigned patients to a higher hemoglobin concentration as the threshold 
for transfusion (referred to as liberal transfusion) or to a lower hemoglobin con-
centration as the threshold (referred to as restrictive transfusion). If implemented 
and designed correctly, such a trial design should provide guidance about transfu-
sion efficacy and safety associated with clinically meaningful differences in the 
mean hemoglobin concentration and the number of units of blood transfused.

A total of 31 trials were included in a recent systematic review and meta-analysis 
evaluating the efficacy of red-cell transfusion.1 The trials enrolled a total of more 
than 12,000 patients, and the most common indications for transfusion were ortho-
pedic surgery (in 10 trials), critical care (6), cardiac surgery (5), gastrointestinal 
bleeding (5), and acute coronary syndromes (2).2-7 Patients in the restrictive-trans-
fusion group were 43% less likely to receive a red-cell transfusion than those in 
the liberal-transfusion group, and the mean hemoglobin concentration was 1.3 g 
per deciliter lower. Overall, 30-day mortality was similar in the two transfusion 
groups (risk ratio with restrictive transfusion, 0.97; 95% confidence interval [CI], 
0.81 to 1.16) (Fig. 1). Other outcomes also did not differ significantly between 
transfusion groups, including pneumonia (risk ratio with restrictive transfusion, 
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0.94; 95% CI, 0.80 to 1.11), myocardial infarc-
tion (risk ratio, 1.08; 95% CI, 0.74 to 1.60), and 
congestive heart failure (risk ratio, 0.78; 95% CI, 
0.45 to 1.35). In addition, long-term mortality, 
with a mean of 3.1 years of follow-up, was similar 
in the two groups (hazard ratio for liberal trans-
fusion as compared with restrictive transfusion, 
1.09; 95% CI, 0.95 to 1.25) in one trial.8

Many trials have used a restrictive transfusion 
threshold of 7 g per deciliter or 8 g per deciliter.9 
Among the trials assessing 30-day mortality, the 
results with a threshold of 7 g per deciliter were 
similar to those with a threshold of 8 g per deci-
liter (test for differences, P = 0.56; I2 = 0%). How-
ever, most of the trials using 7 g per deciliter as 
the threshold for restrictive transfusion involved 
patients in intensive care units (ICUs), whereas 
the trials using 8 g per deciliter as the threshold 

involved patients with various diagnoses. There-
fore, it may not be appropriate to generalize the 
results of trials that used the lower threshold to 
clinical settings in the trials using the higher 
threshold. It is possible that mortality is not in-
fluenced by a lower transfusion threshold, but 
the rate of myocardial infarction (in patients 
with preexisting cardiovascular disease or in 
those undergoing cardiac surgery) or recovery 
of functional capacity (in patients undergoing 
orthopedic surgery) could be adversely affected 
by a transfusion threshold of 7 g per deciliter 
rather than 8 g per deciliter.

Indications for Subgroups of Patients
Adults with Cardiovascular Disease

The risk of death is strongly associated with the 
level of anemia and is increased among patients 

Figure 1. Clinical Trials Comparing the Effect of Restrictive versus Liberal Transfusion on 30-Day Mortality.

Data are from a meta-analysis of 31 studies, of which 23 reported 30-day mortality.1 Risk ratios were calculated with 
the use of the Mantel–Haenszel test. The blue boxes indicate risk ratios, and the size of each box is proportional to 
the sample size of the corresponding study. CI denotes confidence interval, and df degrees of freedom; I2 is the per-
centage of total variation that is due to heterogeneity rather than chance.
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with cardiovascular disease.10,11 Thus, it follows 
that patients with cardiovascular disease might 
benefit from a higher transfusion threshold.

Overall, restrictive transfusion is not associ-
ated with an increased risk of myocardial infarc-
tion; however, there is some evidence supporting 
a benefit of liberal transfusion in patients with 
underlying cardiovascular disease. In a trial in-
volving 2007 patients undergoing cardiac surgery, 
90-day mortality was higher in the restrictive-
transfusion group than in the liberal-transfusion 
group (4.2% vs. 2.6%; hazard ratio, 1.64; 95% 
CI, 1.00 to 2.67; P = 0.045), although short-term 
outcomes (30-day mortality, myocardial infarc-
tion, and others) were similar in the two groups.7 
In a pilot trial involving 110 patients with acute 
ischemic heart disease, 7 deaths occurred in the 
restrictive-transfusion group, as compared with 
1 death in the liberal-transfusion group (absolute 
risk difference, 11.2 percentage points; 95% CI, 
1.5 to 20.8; P = 0.08 with adjustment for age).12 In 
a cluster-randomized trial involving 936 patients 
with gastrointestinal bleeding, there was a trend 
toward increased mortality among patients with 
underlying ischemic heart disease; mortality was 
3% with liberal transfusion but 12% with re-
strictive transfusion (absolute difference, 10.7 per-
centage points; 95% CI, −9.8 to 31.2; P = 0.11 for 
interaction).13 In contrast, in a trial involving 
2016 patients with cardiovascular disease or risk 
factors for it who were undergoing hip-fracture 
repair, mortality was similar with liberal transfu-
sion and restrictive transfusion (5.2% and 4.3%, 
respectively; odds ratio, 1.23; 95% CI, 0.71 to 2.12).4 
Several trials are under way to address this ques-
tion of restrictive versus liberal transfusion in 
patients with cardiovascular disease: Transfu-
sion Requirements in Cardiac Surgery III (TRICS 
III; ClinicalTrials.gov number, NCT02042898), with 
a projected sample of 5000 patients; Cost-Effec-
tiveness and Cost-Utility of Liberal vs. Restrictive 
Red Blood Cell Transfusion Strategies in Patients 
with Acute Myocardial Infarction and Anaemia 
(REALITY; NCT02648113), with a projected sam-
ple of 630 patients; and Myocardial Ischemia and 
Transfusion (MINT; NCT02981407), with a pro-
jected sample of 3500 patients.

A meta-analysis of selected trials that pro-
vided data on patients with cardiovascular dis-
ease showed no difference in mortality between 
the liberal and restrictive transfusion thresholds, 

but an increase in the risk of myocardial infarc-
tion, acute coronary syndrome, or cardiac arrest 
was associated with restrictive transfusion (4.5% 
vs. 2.5%; risk ratio, 1.78; 95% CI, 1.18 to 2.70).14 
These results should be interpreted with caution 
because not all trials that enrolled patients with 
cardiovascular disease were included in this analy-
sis. Furthermore, it may not be appropriate to 
combine data from patients who had preexisting 
coronary artery disease with data from those 
with acute coronary syndromes, since the risks 
associated with anemia and efficacy of transfu-
sion may be different; patients with active ische-
mia often undergo cardiac interventions and in-
tensive pharmacologic treatment, whereas those 
with preexisting cardiovascular disease are hetero-
geneous with respect to disease severity and may 
have undefined cardiovascular disease. This analy-
sis also did not include patients undergoing 
cardiac surgery.

Adults with Gastrointestinal Bleeding
Three trials involving a total of 1522 patients 
with gastrointestinal bleeding showed that mor-
tality was lower with a restrictive transfusion 
threshold than with a liberal transfusion thresh-
old (risk ratio, 0.65; 95% CI, 0.43 to 0.97; dif-
ference in rate of transfusion, 24.5 percentage 
points).1,5,13,15 Rebleeding also was lower with a 
restrictive transfusion threshold (risk ratio, 0.54; 
95% CI, 0.51 to 0.93). The rebleeding rate in the 
liberal-transfusion group may have been higher 
because of increased intravascular pressure from 
a higher volume of fluid (blood), leading to rup-
ture of thrombus at the site of the bleeding vessel.

Other Subgroups of Adults
Five trials involving a total of 2840 patients in 
ICUs, including 998 patients with septic shock,6 
showed no significant difference in mortality 
between the two transfusion thresholds (risk 
ratio with restrictive transfusion, 0.97; 95% CI, 
0.75 to 1.25; absolute difference in rate of trans-
fusion, 36.3 percentage points).1 Similarly, the 
mortality rates in five trials involving a total of 
2831 patients undergoing orthopedic surgery were 
similar with the two transfusion thresholds, al-
though they were slightly higher with restrictive 
transfusion (risk ratio, 1.27; 95% CI, 0.72 to 
2.25; absolute difference in rate of transfusion, 
54.7 percentage points).1
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Children
Only one trial has evaluated a hemoglobin con-
centration of less than 9.5 g per deciliter as a 
threshold for transfusion in children. That trial, 
involving 637 children in ICUs, compared a re-
strictive transfusion threshold of 7 g per deciliter 
with a liberal threshold of 9.5 g per deciliter.3 
There was no difference in either the primary 
outcome of new or progressive multiple-organ 
dysfunction syndrome (12% in both groups; 
absolute risk reduction with the restrictive strat-
egy, 0.4 percentage points; 95% CI, −4.6 to 5.4) or 
mortality. Another trial involving children (Trans-
fusion of Prematures Trial [TOP; NCT01702805]) 
is under way.

Guidelines a nd 
R ecommendations

Multiple guidelines for red-cell transfusion have 
been published in the past 5 years (Table 1), and 
their quality has been assessed.25 Most guide-
lines advise a restrictive transfusion threshold of 
7 to 8 g per deciliter in asymptomatic patients. 
Several of the guidelines recommend that trans-
fusion not be based on the hemoglobin concen-
tration alone but also on consideration of overall 
clinical status, the patient’s preference, and al-
ternative therapies.9,17,23,24 The guidelines differ 
widely for patients with acute coronary syn-
dromes, recommending a transfusion threshold 
of 7 g of hemoglobin per deciliter,20 8 g per 
deciliter,16,20,23,26 9 g per deciliter,22 or 10 g per 
deciliter.19 We do not have high-quality evidence 
to guide decisions about transfusion in patients 
with acute coronary syndromes,9 since only two 
small pilot trials, involving a total of 154 pa-
tients,12,27 have been published.

Overall, the clinical-trial data clearly show 
the safety of a restrictive threshold of 7 to 8 g of 
hemoglobin per deciliter in most patients. We 
advise following AABB (formerly the American 
Association of Blood Banks) guidelines (one of us 
is a coauthor of these guidelines), which recom-
mend using the restrictive transfusion threshold 
that was tested in clinical trials: 8 g of hemoglo-
bin per deciliter in patients with preexisting car-
diovascular disease and those undergoing cardiac 
or orthopedic surgery and 7 g per deciliter in 
most other patients, including those in ICUs. It 
is important to recognize that adequate evidence 

from clinical trials is lacking for transfusion 
strategies in many subgroups of patients, includ-
ing patients with acute coronary syndromes, those 
with long-term dependence on transfusion, and 
patients with hematologic disorders, cancer, throm-
bocytopenia, or acute neurologic disorders.9 We 
also advise that in making decisions about trans-
fusion, other clinical factors, including hemo-
dynamic status, rate of bleeding, symptoms, and 
overall status of the patient, be considered in 
addition to the hemoglobin concentration. Physi-
ological or laboratory biomarkers for guiding 
decisions about transfusion have not been estab-
lished. Except in cases of acute bleeding, the 
physician should prescribe only 1 unit of red 
cells at a time and should measure the hemoglo-
bin concentration and perform a clinical assess-
ment before administering additional blood 
transfusions.

Tr ends in the Use of R ed - Cell 
Tr a nsfusions

Red cells are the most commonly transfused 
blood component in developed countries. De-
spite predictions that red-cell use could increase 
as the U.S. population ages, with greater use of 
transfusions in patients who have cancer or car-
diac disease, the number of red-cell transfusions 
has fallen from a high of almost 15 million 
units in 2008 to approximately 12 million units 
in 2015 (Fig. 2). Red-cell transfusions over time 
have fallen from 50 units per 1000 population in 
2008 to approximately 40 units per 1000 popu-
lation in 2013.28,30 The increasing adoption of 
patient-focused blood-management programs in 
hospitals worldwide accounts for most of these 
decreases.31

Patient-focused blood-management programs 
have taken advantage of the evidence, cited 
above, that restrictive red-cell transfusion prac-
tices are safe. In an effort to reduce red-cell 
transfusions, these programs have promoted the 
adoption of surgical techniques that reduce blood 
loss and the administration of hemostatic agents 
such as tranexamic acid, with better hemostatic 
monitoring through the use of thromboelas-
tography.32 Rates of red-cell transfusion in the 
United States are still among the highest in 
developed countries, suggesting that patient-
focused blood-management programs have ad-
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ditional capacity to reduce unnecessary blood 
transfusions (Fig. 3). However, U.S. medical prac-
tice, with major programs for trauma resuscita-
tion and aggressive programs of solid-organ and 
stem-cell transplantation, may explain the persis-
tently high rates of red-cell transfusion in the 
United States.

Improv ing S a fe t y

Transfusion-Transmitted Diseases

In developed countries, the risk of a disease 
transmitted by transfused red-cell concentrates 
has become very small (Fig. 4), with a risk of less 
than 1 in 1 million for the pathogens of greatest 
concern, including the human immunodeficiency 
virus (HIV) and hepatitis C virus (HCV).38 Al-
though it is always possible that a new infec-
tious agent will be introduced into the blood 
supply, current blood-collection programs use a 
combination of a medical history from volunteer 
donors, limited physical examinations, geograph-
ic and travel exclusions for areas where disease 
is known to be endemic and testing is not prac-
tical or of proven efficacy, and a battery of sero-
logic and nucleic acid tests to reduce the risk of 
infectious complications. Volunteer blood dona-
tions in the United States are tested for syphilis 
(despite the absence of recent documented cases),39 
hepatitis B virus (HBV),40 HIV,41 human T-cell 
lymphotropic virus,42 HCV,41 West Nile virus,43 and 
Chagas’ disease,44 with the recent addition of 
testing for Zika virus.45 Although the tests are 
performed to eliminate infectious units from the 
blood supply, some of the tests are more likely 
to identify previous infections (in particular, 
syphilis or hepatitis B, with the latter indicated 
by the presence of hepatitis B core antibody). 
Initial testing for these agents is performed with 
the use of serologic methods that have been 
enhanced over time with new generations of as-
says that have improved sensitivity and specific-
ity. For additional recipient safety, nucleic acid 
testing is performed for HBV, HCV, HIV, West 
Nile virus, and Zika virus. Donor red cells can 
also be tested for antibody to cytomegalovirus 
for patients at high risk, but leukoreduced red 
cells are considered equally safe with respect to 
the risk of cytomegalovirus.46 Bacterial infections, 
a major problem in platelets that are stored at 
room temperature, are not a major concern in 

red cells stored in refrigerators.47 U.S. donors are 
not tested for malaria, but infectious donors 
are eliminated on the basis of travel exclusions.48 
Babesia infection is becoming recognized as a 
growing problem (associated with 15 to 20% 
mortality) in some areas of the United States, 
such as New England, and testing programs are 
currently being evaluated for possible implemen-
tation.49-51 Other agents also under study include 
dengue virus,52 chikungunya virus,53 and hepatitis 
E virus.54

Pathogen Reduction

Pathogen-reduction technology represents a pro-
active approach to improving blood safety by 
broadly inactivating potential infectious agents 
in the blood component. This technology is now 
available in the United States for platelets and 
plasma.55 Several systems are under study for the 
treatment of red cells, using chemical process-
ing with an alkylating agent (S-303) and gluta-
thione (Intercept, Cerus) or a combination of 
riboflavin and ultraviolet light (Mirasol, Terumo 
BCT). Neither system is licensed in the United 
States. The advantages of pathogen-reduction 
technology would include reduction of residual 
infections with viruses, bacteria, or parasites that 
are not detected by current testing systems and 
prevention of some infections that have not yet 
been recognized as transmitting disease through 
transfusion. Pathogen-reduction technology will 
also inactivate white cells in blood that are not 
removed by leukoreduction filters, eliminating 
the need to irradiate red cells in order to prevent 
transfusion-associated graft-versus-host disease 
and potentially reducing the risk of febrile non-
hemolytic transfusion reactions.56 It is also antici-
pated that pathogen-reduction technology could 
eliminate some of the current donor travel exclu-
sions and testing for some agents for which the 
risk of breakthrough infections is very low. In 
vitro studies have shown that pathogen-reduction 
technology kills high levels of viruses and bac-
teria in red cells, and a clinical study showed 
that whole blood treated with riboflavin and 
ultraviolet light reduced malaria transmission.57 
These safety advantages of treating red cells with 
pathogen-reduction technology will need to be 
weighed against some degree of cell damage 
and the likelihood of increased costs of such 
treatment.
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Noninfectious Hazards of Transfusion

Because the infectious risks of red-cell transfu-
sion in Western countries are at an all-time low, 
the noninfectious hazards have become the pri-
mary transfusion complications observed in clin-
ical practice. The most important of these risks 
are shown in Figure 4. Historically, mild fever, 
chills, and allergic reactions were the most com-
mon reactions, reported in approximately 0.5 to 
1% of transfusion episodes. With improvements 
in recognition and reporting of complications, 
transfusion-associated circulatory overload is now 
among the most common hazards of transfusion, 
reported in 1 to 5% of transfusion episodes.58,59 
Transfusion-associated circulatory overload is 
characterized by a cardiogenic pulmonary edema 
resulting in acute respiratory distress. This re-
action occurs most commonly in patients who 
already have fluid overload as a result of conges-
tive or coronary artery heart disease or acute 
renal failure.58 Diagnostic criteria for transfusion-
associated circulatory overload include the develop-

Figure 3. Transfusion Rates in the United States in 2013 and 2015, as Compared with Rates in Other Developed 
Countries.

The number above each bar is the number of transfused red-cell units per 1000 population. Transfusion rates in the 
United States in 2013 and 2015 are compared with the most recent data on transfusion rates in Europe (2013).33 The 
U.S. rate of transfusion in 2013, 41.0 units per 1000 population, is the midpoint of the rates estimated separately on 
the basis of the 2013 AABB Blood Collection, Utilization, and Patient Blood Management Survey28 (40.3 units per 1000) 
and the 2013 Centers for Disease Control and Prevention (CDC) NBCUS (41.7 units per 1000).29 The U.S. rate of trans-
fusion in 2015, 34.5 units per 1000, is based on the 2015 NBCUS.30 The data shown are for distributed (D) or transfused 
(T) units of blood, which are typically nearly equivalent.
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ment or exacerbation of respiratory distress with-
in 6 to 12 hours after transfusion, with evidence 
of fluid overload, pulmonary edema, an enlarged 
cardiac silhouette, elevated brain natriuretic pep-
tide levels, a positive fluid balance, and a response 
to diuretics.60,61 Prevention and treatment of trans-
fusion-associated circulatory overload include 
transfusing the minimum number of compo-
nents, slowing the rate of transfusion (maximum 
rate, 4 hours per component), and administering 
diuretics before or between transfusions.62

A less common cause of respiratory distress 
is transfusion-related acute lung injury, a non-
cardiogenic pulmonary edema occurring within 
6 hours after transfusion and characterized by 
hypoxemia and bilateral pulmonary infiltrates 
on chest films.63 The diagnosis is made in the 
absence of other risk factors for the acute respi-
ratory distress syndrome and can be quite dif-
ficult to establish, particularly in critically ill 
patients. On the basis of the most current data, 
the risk of transfusion-related acute lung injury 
across all blood components is estimated at 1 case 
per 12,000 units.64 Transfusion-related acute lung 
injury is reversible in most cases within 24 to 96 
hours after cessation of the transfusion and is 
successfully managed with supportive care. The 
pathogenesis is primarily mediated by leukoag-
glutinating antibodies in donor plasma, although 
causes not mediated by antibodies are postulated 
in up to 20% of cases.63,65 With the adoption of 
mitigation strategies, the risk of transfusion-
related acute lung injury associated with trans-
fusion of plasma-rich components (plasma and 
platelets) has decreased dramatically over the 
past 10 years.66 The risk with red cells and lesser 
amounts of plasma is much lower, and the num-
bers of deaths reported to the Food and Drug 
Administration (FDA) that were attributed to 
acute lung injury associated with transfusion of 
red cells have not changed during this period.67

Hemolytic transfusion reactions may be acute 
(i.e., immediate) or delayed. Immediate reac-
tions are mainly due to administration of ABO-
incompatible red cells as a result of human error 
in blood sampling or patient identification. Pre-
formed complement-binding antibodies mediate 
intravascular hemolysis, with frequent acute re-
nal failure and mortality ranging from 8 to 44%, 
depending on how much incompatible blood is 
transfused.68 These transfusion reactions account 

for approximately six to nine deaths reported 
annually to the FDA.69 Delayed hemolytic trans-
fusion reactions are mediated by non-ABO anti-
body levels that fall below the limit detectable in 
pretransfusion testing when the patient is trans-
fused with red cells expressing the cognate anti-
gen. An anamnestic response can ensue 3 to 21 
days after transfusion, with a spike in the anti-
body titer and extravascular destruction of the 
transfused red cells. As a result of the slower 
rate of extravascular red-cell removal in the 
spleen, delayed hemolytic transfusion reactions 
generally are less severe than immediate reac-
tions and are not associated with permanent 
renal failure or death.

A rare but often fatal complication is transfu-
sion-associated graft-versus-host disease, which 
is due to engraftment of viable donor T cells from 
the blood component in a susceptible recipient. 
The T cells mediate a graft-versus-host reaction 
like that seen in allogeneic hematopoietic stem-
cell transplantation, with the added feature of 
pancytopenia and a resistance to therapy result-
ing in high mortality (>90%). This severe compli-
cation can be prevented by irradiation of blood 
components, which inactivates T cells in the 

Figure 4. Infectious and Noninfectious Adverse Effects of Red-Cell 
 Transfusions as Compared with Other, Unrelated Risks.

Adverse effects of transfusions (black boxes) are shown per transfused unit 
of red cells, except for transfusion-associated circulatory overload (TACO), 
which is per transfusion episode. For unrelated risks (blue boxes), the risk 
of an airplane death is per flight,34 the risk of death from lightning is per 
year,35 the risk of death from a motor vehicle accident is per 10,000 persons,36 
and the risk of death from medical error is per hospital admission.37 AHTR 
denotes acute hemolytic transfusion reaction, DHTR delayed hemolytic 
transfusion reaction, FNHTR febrile nonhemolytic transfusion reaction, 
HBV hepatitis B virus, HCV hepatitis C virus, and TRALI transfusion-related 
acute lung injury.
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blood components. Other hazards of transfusion 
include iron overload, anaphylaxis, and immuno-
modulation.

Transfusion-associated iron overload occurs in 
patients with congenital or acquired anemia re-
quiring long-term red-cell support. Each unit of 
packed red cells contains about 250 mg of iron. 
Accumulated iron can result in damage to the 
heart, liver, and endocrine organs. Transfusion-
associated iron overload can be diagnosed by 
means of liver biopsy or noninvasively by means 
of magnetic resonance imaging or serum ferritin 
testing. Chelation therapy is the main treatment 
approach.70

Immunomodulation encompasses a wide vari-
ety of immunologic sequelae of allogeneic blood 
transfusion. Many of the effects are attenuated 
by using leukoreduced blood components, which 
account for more than 90% of red-cell and plate-
let transfusions in the United States. The extent 
to which the immunomodulatory effects of trans-
fusion alter clinical outcomes remains a matter 
of controversy.71

Finally, massive transfusion can be associated 
with a number of complications, including hypo-
thermia, hyperkalemia, dilutional coagulopathy, 
and citrate toxicity.72 Citrate anticoagulant is 
quickly metabolized in the liver, but when suf-
ficient citrate is transfused rapidly or there is 
liver failure, it can bind to divalent cations, re-
sulting in hypocalcemia and hypomagnesemia. 
Hepatic metabolism of citrate to bicarbonate can 
result in metabolic alkalosis. Massively trans-
fused patients require close laboratory and clin-
ical monitoring to identify these complications.

Fu t ur e R ese a rch

New technologies are being developed to aid in 
making decisions about transfusion of red cells. 
The hemoglobin concentration reflects the oxygen-
carrying capacity of blood but does not indicate 
the level of tissue oxygenation. Noninvasive meth-
ods of directly assessing tissue oxygenation are 
being studied73-76 and may be combined with 
plasma measurements, such as lactate75 or base 
deficit,73 to better identify the need for red-cell 
transfusion. Effective and safe alternatives to red 
cells in the form of hemoglobin-based oxygen car-
riers remain elusive. Decades of laboratory and 
clinical research have yet to yield an FDA-approved 
product77; however, clinical trials are proceeding 
with first-generation and next-generation hemo-
globin-based oxygen carriers (NCT02684474 and 
NCT01881503).78 Finally, advances in cellular en-
gineering have made the production of red cells 
in vitro from hematopoietic stem cells a tanta-
lizing concept. Small volumes have been pro-
duced in bioreactors, but the feasibility of scal-
ing up to a clinical dose of 200 ml per unit has 
yet to be demonstrated.79,80

Dr. Carson reports receiving grant support from Terumo BCT; 
Dr. Triulzi, receiving advisory board fees from Carmell and Fre-
senius Kabi and fees for serving on a data and safety monitoring 
board from Cerus Corporation; Dr. Ness, receiving fees for 
serving as scientific advisor from Terumo BCT and New Health 
Sciences. No other potential conflict of interest relevant to this 
article was reported.

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

We thank Dr. Barbee Whitaker of the AABB Center for Patient 
Safety for providing data on red-cell supplies and transfusion 
rates.

References
1. Carson JL, Stanworth SJ, Roubinian 
N, et al. Transfusion thresholds and other 
strategies for guiding allogeneic red blood 
cell transfusion. Cochrane Database Syst 
Rev 2016; 10: CD002042.
2. Hébert PC, Wells G, Blajchman MA, et 
al. A multicenter, randomized, controlled 
clinical trial of transfusion requirements 
in critical care. N Engl J Med 1999; 340: 
409-17.
3. Lacroix J, Hébert PC, Hutchison JS,  
et al. Transfusion strategies for patients 
in pediatric intensive care units. N Engl J 
Med 2007; 356: 1609-19.
4. Carson JL, Terrin ML, Noveck H, et al. 
Liberal or restrictive transfusion in high-
risk patients after hip surgery. N Engl J 
Med 2011; 365: 2453-62.
5. Villanueva C, Colomo A, Bosch A, et al. 
Transfusion strategies for acute upper gas-

trointestinal bleeding. N Engl J Med 2013; 
368: 11-21.
6. Holst LB, Haase N, Wetterslev J, et al. 
Lower versus higher hemoglobin thresh-
old for transfusion in septic shock. N Engl 
J Med 2014; 371: 1381-91.
7. Murphy GJ, Pike K, Rogers CA, et al. 
Liberal or restrictive transfusion after car-
diac surgery. N Engl J Med 2015; 372: 997-
1008.
8. Carson JL, Sieber F, Cook DR, et al. 
Liberal versus restrictive blood transfusion 
strategy: 3-year survival and cause of death 
results from the FOCUS randomised con-
trolled trial. Lancet 2015; 385: 1183-9.
9. Carson JL, Guyatt G, Heddle NM, et al. 
Clinical practice guidelines from the 
AABB: red blood cell transfusion thresh-
olds and storage. JAMA 2016; 316: 2025-35.
10. Carson JL, Duff A, Poses RM, et al. 

Effect of anaemia and cardiovascular dis-
ease on surgical mortality and morbidity. 
Lancet 1996; 348: 1055-60.
11. Shander A, Javidroozi M, Naqvi S, et al. 
An update on mortality and morbidity in 
patients with very low postoperative hemo-
globin levels who decline blood transfu-
sion (CME). Transfusion 2014; 54: 2688-95.
12. Carson JL, Brooks MM, Abbott JD,  
et al. Liberal versus restrictive transfusion 
thresholds for patients with symptomatic 
coronary artery disease. Am Heart J 2013; 
165(6): 964-971.e1.
13. Jairath V, Kahan BC, Gray A, et al. Re-
strictive versus liberal blood transfusion 
for acute upper gastrointestinal bleeding 
(TRIGGER): a pragmatic, open-label, clus-
ter randomised feasibility trial. Lancet 
2015; 386: 137-44.
14. Docherty AB, O’Donnell R, Brunskill 

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITY OF TORONTO on August 28, 2018. For personal use only. No other uses without permission. 

 Copyright © 2017 Massachusetts Medical Society. All rights reserved. 



n engl j med 377;13 nejm.org September 28, 2017 1271

Red-Cell Tr ansfusion

S, et al. Effect of restrictive versus liberal 
transfusion strategies on outcomes in pa-
tients with cardiovascular disease in a non-
cardiac surgery setting: systematic review 
and meta-analysis. BMJ 2016; 352: i1351.
15. Blair SD, Janvrin SB, McCollum CN, 
Greenhalgh RM. Effect of early blood 
transfusion on gastrointestinal haemor-
rhage. Br J Surg 1986; 73: 783-5.
16. Blood transfusion. London:  NICE 
(National Institute for Health and Care 
Excellence), 2015 (https:/ / www .nice .org .uk/ 
guidance/ ng24).
17. American Society of Anesthesiologists 
Task Force on Perioperative Blood Man-
agement. Practice guidelines for periop-
erative blood management: an updated 
report by the American Society of Anes-
thesiologists Task Force on Perioperative 
Blood Management. Anesthesiology 2015; 
122: 241-75.
18. Killick SB, Carter C, Culligan D, et al. 
Guidelines for the diagnosis and manage-
ment of adult myelodysplastic syndromes. 
Br J Haematol 2014; 164: 503-25.
19. NCCN clinical practice guidelines in 
oncology:  cancer- and chemotherapy- 
induced anemia. Fort Washington, PA:  
National Comprehensive Cancer Network, 
2013.
20. Qaseem A, Humphrey LL, Fitterman N, 
Starkey M, Shekelle P. Treatment of ane-
mia in patients with heart disease: a clin-
ical practice guideline from the American 
College of Physicians. Ann Intern Med 
2013; 159: 770-9.
21. Dellinger RP, Levy MM, Rhodes A, et al. 
Surviving Sepsis Campaign: international 
guidelines for management of severe sep-
sis and septic shock, 2012. Intensive Care 
Med 2013; 39: 165-228.
22. Retter A, Wyncoll D, Pearse R, et al. 
Guidelines on the management of anae-
mia and red cell transfusion in adult criti-
cally ill patients. Br J Haematol 2013; 160: 
445-64.
23. Patient blood management guidelines. 
Lyneham, ACT:  National Blood Authority 
Australia, 2012 (http://www .blood .gov .au/ 
pbm-guidelines).
24. Kidney Disease: Improving Global 
Outcomes (KDIGO) Anemia Work Group. 
KDIGO clinical practice guideline for 
anemia in chronic kidney disease. Kidney 
Int Suppl 2012; 2: 279-335.
25. Van Remoortel H, De Buck E, Dieltjens 
T, Pauwels NS, Compernolle V, Vandekerck-
hove P. Methodologic quality assessment 
of red blood cell transfusion guidelines 
and the evidence base of more restrictive 
transfusion thresholds. Transfusion 2016; 
56: 472-80.
26. Alexander J, Cifu AS. Transfusion of 
red blood cells. JAMA 2016; 316: 2038-9.
27. Cooper HA, Rao SV, Greenberg MD, 
et al. Conservative versus liberal red cell 
transfusion in acute myocardial infarc-
tion (the CRIT Randomized Pilot Study). 
Am J Cardiol 2011; 108: 1108-11.

28. Whitaker B, Rajbhandary S, Klein-
man S, Harris A, Kamani N. Trends in 
United States blood collection and trans-
fusion: results from the 2013 AABB Blood 
Collection, Utilization, and Patient Blood 
Management Survey. Transfusion 2016; 56: 
2173-83.
29. Chung KW, Basavaraju SV, Mu Y, et al. 
Declining blood collection and utilization 
in the United States. Transfusion 2016; 56: 
2184-92.
30. Ellingson KD, Sapiano MRP, Haass 
KA, et al. Continued decline in blood col-
lection and transfusion in the United 
States-2015. Transfusion 2017; 57: Suppl 2: 
1588-98.
31. Leahy MF, Hofmann A, Towler S, et al. 
Improved outcomes and reduced costs 
associated with a health-system-wide pa-
tient blood management program: a retro-
spective observational study in four major 
adult tertiary-care hospitals. Transfusion 
2017; 57: 1347-58.
32. Goodnough LT, Shander A. Patient 
blood management. Anesthesiology 2012; 
116: 1367-76.
33. The collection, testing and use of 
blood and blood components in Europe. 
2013 report. Strasbourg, France:  Council 
of Europe, European Directorate for the 
Quality of Medicines & Healthcare, 2016 
(https:/ / www .edqm .eu/ sites/ default/ files/ 
the_collection_testing_and_use_of_blood 
_and_blood_components_in_europe_2013 
.pdf).
34. PlaneCrashInfo.com. Causes of fatal 
accidents by decade. 2017 (http://www 
.planecrashinfo .com/ cause .htm).
35. National Weather Service. How dan-
gerous is lightning? 2017 (http://www 
.lightningsafety .noaa .gov/ odds .shtml).
36. Miniño AM, Murphy SL, Xu J, Kochanek 
KD. Deaths: final data for 2008. Natl Vital 
Stat Rep 2011; 59: 1-126.
37. Kohn L. To err is human: an interview 
with the Institute of Medicine’s Linda 
Kohn. Jt Comm J Qual Improv 2000; 26: 
227-34.
38. Zou S, Dorsey KA, Notari EP, et al. 
Prevalence, incidence, and residual risk of 
human immunodeficiency virus and hepa-
titis C virus infections among United 
States blood donors since the introduction 
of nucleic acid testing. Transfusion 2010; 
50: 1495-504.
39. Aberle-Grasse J, Orton SL, Notari E 
IV, et al. Predictive value of past and cur-
rent screening tests for syphilis in blood 
donors: changing from a rapid plasma 
reagin test to an automated specific trepo-
nemal test for screening. Transfusion 
1999; 39: 206-11.
40. Stramer SL, Wend U, Candotti D, et al. 
Nucleic acid testing to detect HBV infec-
tion in blood donors. N Engl J Med 2011; 
364: 236-47.
41. Stramer SL, Glynn SA, Kleinman SH, 
et al. Detection of HIV-1 and HCV infec-
tions among antibody-negative blood do-

nors by nucleic acid–amplification testing. 
N Engl J Med 2004; 351: 760-8.
42. Ness PM, Nass CC. Blood donor test-
ing for HIV-I/II and HTLV-I/II. Arch Pathol 
Lab Med 1994; 118: 337-41.
43. Busch MP, Caglioti S, Robertson EF, 
et al. Screening the blood supply for West 
Nile virus RNA by nucleic acid amplifica-
tion testing. N Engl J Med 2005; 353: 460-7.
44. Cantey PT, Stramer SL, Townsend RL, 
et al. The United States Trypanosoma 
cruzi Infection Study: evidence for vector-
borne transmission of the parasite that 
causes Chagas disease among United 
States blood donors. Transfusion 2012; 
52: 1922-30.
45. Katz LM, Rossmann SN. Zika and the 
blood supply: a work in progress. Arch 
Pathol Lab Med 2017; 141: 85-92.
46. Blajchman MA, Goldman M, Freed-
man JJ, Sher GD. Proceedings of a consen-
sus conference: prevention of post-trans-
fusion CMV in the era of universal 
leukoreduction. Transfus Med Rev 2001; 
15: 1-20.
47. Brecher ME, Hay SN. Bacterial contami-
nation of blood components. Clin Micro-
biol Rev 2005; 18: 195-204.
48. Mungai M, Tegtmeier G, Chamber-
land M, Parise M. Transfusion-transmit-
ted malaria in the United States from 
1963 through 1999. N Engl J Med 2001; 
344: 1973-8.
49. Bloch EM, Levin AE, Williamson PC, 
et al. A prospective evaluation of chronic 
Babesia microti infection in seroreactive 
blood donors. Transfusion 2016; 56: 1875-
82.
50. Moritz ED, Winton CS, Tonnetti L, et al. 
Screening for Babesia microti in the U.S. 
blood supply. N Engl J Med 2016; 375: 
2236-45.
51. Fang DC, McCullough J. Transfusion-
transmitted Babesia microti. Transfus Med 
Rev 2016; 30: 132-8.
52. Stramer SL, Linnen JM, Carrick JM, et 
al. Dengue viremia in blood donors iden-
tified by RNA and detection of dengue 
transfusion transmission during the 2007 
dengue outbreak in Puerto Rico. Transfu-
sion 2012; 52: 1657-66.
53. Petersen LR, Stramer SL, Powers AM. 
Chikungunya virus: possible impact on 
transfusion medicine. Transfus Med Rev 
2010; 24: 15-21.
54. Hoofnagle JH, Nelson KE, Purcell RH. 
Hepatitis E. N Engl J Med 2012; 367: 1237-
44.
55. McCullough J, Vesole DH, Benjamin 
RJ, et al. Therapeutic efficacy and safety 
of platelets treated with a photochemical 
process for pathogen inactivation: the 
SPRINT Trial. Blood 2004; 104: 1534-41.
56. Prowse CV. Component pathogen in-
activation: a critical review. Vox Sang 2013; 
104: 183-99.
57. Allain JP, Owusu-Ofori AK, Assennato 
SM, Marschner S, Goodrich RP, Owusu-
Ofori S. Effect of Plasmodium inactivation 

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITY OF TORONTO on August 28, 2018. For personal use only. No other uses without permission. 

 Copyright © 2017 Massachusetts Medical Society. All rights reserved. 



n engl j med 377;13 nejm.org September 28, 20171272

Red-Cell Tr ansfusion

images in clinical medicine

The Journal welcomes consideration of new submissions for Images in Clinical 
Medicine. Instructions for authors and procedures for submissions can be found 
on the Journal’s website at NEJM.org. At the discretion of the editor, images that  

are accepted for publication may appear in the print version of the Journal,  
the electronic version, or both. 

in whole blood on the incidence of blood 
transfusion-transmitted malaria in en-
demic regions: the African Investigation 
of the Mirasol System (AIMS) randomised 
controlled trial. Lancet 2016; 387: 1753-
61.
58. Roubinian NH, Hendrickson JE, Triulzi 
DJ, et al. Incidence and clinical character-
istics of transfusion-associated circula-
tory overload using an active surveillance 
algorithm. Vox Sang 2017; 112: 56-63.
59. Narick C, Triulzi DJ, Yazer MH. Trans-
fusion-associated circulatory overload af-
ter plasma transfusion. Transfusion 2012; 
52: 160-5.
60. Blood safety surveillance. Atlanta:  Cen-
ters for Disease Control and Prevention, 
2009 (https:/ / www .cdc .gov/ nhsn/ acute-care 
-hospital/ bio-hemo/ ).
61. Transfusion-associated circulatory over-
load (TACO) 2014 revision. London:  Inter-
national Society of Blood Transfusion 
Working Party on Haemovigilance, Interna-
tional Haemovigilance Network, December 
2014 (http://www .isbtweb .org/ fileadmin/ 
user_upload/ files-2015/ haemovigilance/ 
TACO_definition_validation_form 
_jan2015_haemovigilance .pdf).
62. Roubinian NH, Murphy EL. Trans-
fusion-associated circulatory overload 
(TACO): prevention, management, and 
patient outcomes. Int J Clin Transfus Med 
2015; 3: 17-28.
63. Kleinman S, Caulfield T, Chan P, et al. 
Toward an understanding of transfusion-
related acute lung injury: statement of a 
consensus panel. Transfusion 2004; 44: 
1774-89.
64. Toy P, Gajic O, Bacchetti P, et al. 
Transfusion-related acute lung injury: in-
cidence and risk factors. Blood 2012; 119: 
1757-67.

65. Toy P, Popovsky MA, Abraham E, et al. 
Transfusion-related acute lung injury: defi-
nition and review. Crit Care Med 2005; 33: 
721-6.
66. Müller MC, van Stein D, Binnekade JM, 
van Rhenen DJ, Vlaar AP. Low-risk trans-
fusion-related acute lung injury donor 
strategies and the impact on the onset  
of transfusion-related acute lung injury: 
a meta-analysis. Transfusion 2015; 55: 164-
75.
67. Fatalities reported to FDA following 
blood collection and transfusion: annual 
summary for FY2015. Silver Spring, MD:  
Food and Drug Administration (https:/ / 
www .fda .gov/ downloads/ BiologicsBlood 
Vaccines/ SafetyAvailability/ Reporta 
Problem/ TransfusionDonationFatalities/ 
UCM518148 .pdf).
68. Davenport RD, Bluth MH. Hemolytic 
transfusion reactions. In:  Simon TL, Mc-
Cullough J, Snyder EL, Solheim BG, 
Strauss RG, eds. Rossi’s principles of trans-
fusion medicine. 5th ed. West Sussex, 
United Kingdom:  Wiley-Blackwell, 2016: 
642-51.
69. Transfusion/donation fatalities: noti-
fication process for transfusion related 
fatalities and donation related deaths. Sil-
ver Spring, MD: Food and Drug Adminis-
tration (http://www .fda .gov/ BiologicsBlood 
Vaccines/ SafetyAvailability/ ReportaProblem/ 
TransfusionDonationFatalities/ ).
70. Hoffbrand AV, Taher A, Cappellini MD. 
How I treat transfusional iron overload. 
Blood 2012; 120: 3657-69.
71. Vamvakas EC, Bordin JO, Blajchman 
MA. Immunomodulatory and pro-inflam-
matory effects of allogeneic blood trans-
fusion. In:  Simon TL, McCullough JM, 
Snyder E, Solheim BG, Strauss RG, eds. 
Rossi’s principles of transfusion medicine. 

5th ed. West Sussex, United Kingdom:  
Wiley-Blackwell, 2016: 695-710.
72. Elmer J, Wilcox SR, Raja AS. Massive 
transfusion in traumatic shock. J Emerg 
Med 2013; 44: 829-38.
73. Cohn SM, Nathens AB, Moore FA, et al. 
Tissue oxygen saturation predicts the de-
velopment of organ dysfunction during 
traumatic shock resuscitation. J Trauma 
2007; 62: 44-55.
74. Murkin JM, Arango M. Near-infrared 
spectroscopy as an index of brain and tis-
sue oxygenation. Br J Anaesth 2009; 103: 
Suppl 1: i3-i13.
75. Dhabangi A, Ainomugisha B, Cserti-
Gazdewich C, et al. Effect of transfusion 
of red blood cells with longer vs shorter 
storage duration on elevated blood lactate 
levels in children with severe anemia: the 
TOTAL randomized clinical trial. JAMA 
2015; 314: 2514-23.
76. Dhabangi A, Ainomugisha B, Cserti-
Gazdewich C, et al. Cerebral oximetry in 
Ugandan children with severe anemia: 
clinical categories and response to trans-
fusion. JAMA Pediatr 2016; 170: 995-1002.
77. Alayash AI. Blood substitutes: why 
haven’t we been more successful? Trends 
Biotechnol 2014; 32: 177-85.
78. Abuchowski A. PEGylated bovine car-
boxyhemoglobin (SANGUINATE): results 
of clinical safety testing and use in pa-
tients. Adv Exp Med Biol 2016; 876: 461-7.
79. Migliaccio AR, Masselli E, Varricchio 
L, Whitsett C. Ex-vivo expansion of red 
blood cells: how real for transfusion in 
humans? Blood Rev 2012; 26: 81-95.
80. Giarratana MC, Rouard H, Dumont A, 
et al. Proof of principle for transfusion of 
in vitro-generated red blood cells. Blood 
2011; 118: 5071-9.
Copyright © 2017 Massachusetts Medical Society.

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITY OF TORONTO on August 28, 2018. For personal use only. No other uses without permission. 

 Copyright © 2017 Massachusetts Medical Society. All rights reserved. 


