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I n patients with acute myocardial
infarction (MI), anemia is both
prevalent (1, 2) and a predictor of
adverse outcomes (2–5). Red

blood cell (RBC) transfusion is the only
available therapeutic intervention for the
acute treatment of anemic patients. How-
ever, the minimum hemoglobin (Hb)
threshold for transfusion and optimal tar-
get Hb, as well as the overall effectiveness
of RBC transfusion in the treatment of
acute coronary syndromes, remain widely
disputed (1, 6, 7). Given that the myocar-
dium has a basal oxygen extraction ratio

of 55%–70%, the heart has little capacity
to further increase oxygen extraction (8),
making it vulnerable to anemia and, fur-
thermore, an appropriate model system
to quantify the effects of transfusion dur-
ing MI. To this end, we recently demon-
strated that transfusion of fresh blood to
increase Hb from 80 g/L to a final Hb
level of 100 g/L in animals after acute MI
increased survival, decreased infarct size,
and improved cardiac function (9).

Currently, RBC concentrates may be
stored up to 42 days, during which a
series of well-defined biochemical and

corpuscular changes to RBCs occur,
along with the accumulation of bioactive
substances in storage media (10, 11). It is
possible that the conflicting results re-
ported on the benefits of transfusion in
acute coronary syndromes (1, 6, 7) may
be partly related to differences in the
quality of the blood product as a result of
prolonged storage.

Several recent reviews of clinical stud-
ies examining the association of storage
duration with morbidity and mortality
have summarized the conflicting and in-
conclusive evidence (12–14). A number of
confounding factors, including heteroge-
neity of populations with respect to co-
morbidities, inconsistent transfusion in-
terventions using blood products of
different storage durations, mixtures of
blood products including leukoreduced
and nonleukoreduced, and different pre-
servative solutions, and varied clinical
outcome measures such as infection,
length of stay, and mortality, limit the
interpretation of these clinical studies. Of
note, however, no clinical studies have
addressed the effects of blood storage and
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transfusion after myocardial ischemia.
We hypothesized that prolonged storage
would negate the beneficial effects of
blood transfusion in the anemic setting
during acute MI. To test this hypothesis,
we investigated the effects of fresh vs.
stored blood transfusion on clinically rel-
evant outcomes after acute MI using an
animal model to objectively measure the
effects of transfusion and blood storage
on cardiac function and tissue injury.
Results from our study support the use
of fresh blood in the setting of anemia
during acute MI and may provide in-
sight in the design of future clinical
trials to study the effects of fresh vs.
older blood transfusion in anemic pa-
tients with acute MI.

MATERIALS AND METHODS

Experimental Animals and Induction of
Anemia. The experiments were conducted us-
ing male Sprague-Dawley rats (200–300 g). All
animals were provided water and food ad libi-
tum, and they were housed in a temperature-
and humidity-controlled facility with 12-hr
light and dark cycles. The investigation con-
forms to the Guide for the Care and Use of
Laboratory Animals published by the U.S. Na-
tional Institutes of Health (NIH publication
No. 85-23, revised 1996). Experimental proto-
cols were approved by the Animal Use Sub-
committee at the University of Western On-
tario.

To induce anemia, rats were fed an iron-
deficient diet (10 –20 ppm; TestDiet 5859,
Richmond, IN) previously described by Strube
et al (15) in combination with phlebotomy
(2–3 mL) from the jugular vein twice weekly
to reach target Hb levels of 80–90 g/L (9, 16).
Immediately after phlebotomy, rats were in-
fused with an equal volume of 10% pen-
tastarch (Bristol-Myers Squibb, Montreal,
Quebec).

Experimental Design and Transfusion.
Rats were randomly assigned to 4 experimen-
tal groups: group 1, normal Hb 140–150 g/L,
MI (n � 11); group 2: Hb 80–90 g/L, MI (n �
13); group 3: Hb 80–90 g/L, MI with fresh
blood transfusion to Hb levels of 100 g/L (n �
11); and group 4: Hb 80–90 g/L, MI with
stored (7 days old) blood transfusion to Hb
levels of 100 g/L (n � 14). Transfusion was
performed in groups 3 and 4, immediately
after coronary artery ligation surgery, to in-
crease the Hb level to 100 g/L. Donor blood
was collected from syngeneic rats and stored
as previously described (9, 16). Briefly, rats
were anesthetized with an intramuscular in-
jection of ketamine (60 mg/kg) and xylazine
(10 mg/kg), and the carotid artery was cannu-
lated to retrieve the maximum amount of
blood. Blood was collected into a 20-mL sy-
ringe with 3 mL of CPDA-1 (citrate-phos-
phate-dextrose-adenine; Baxter, Toronto, On-

tario) and injected into a sterile blood
collection bag (Fenwal; Baxter, Toronto, On-
tario). The whole blood was kept at 4°C for �4
hrs in the fresh blood group and 7 days in the
stored blood group. A 7-day storage period was
based on our previous study that showed
equivalent biochemical changes and deform-
ability to 29-day stored human RBCs in
CPDA-1 (17). Right before transfusion, the
stored nonleukoreduced blood was drawn
from the collection bag and centrifuged at
500g for 5 mins at 4°C. The supernatant was
removed to achieve a hematocrit of 70%. Total
volume of packed RBCs infused to achieve 100
g/L Hb was approximately 3 mL within 30
mins. Thirty minutes after transfusion, the Hb
levels in the recipient rats were measured us-
ing a 10-�L blood sample obtained from the
saphenous vein by spectrophotometry with Hb
assay kit (Pointe Scientific, Canton, MI).

Induction of MI. The MI was induced by
ligation of the left descending coronary artery
as described in our previous reports (9, 16,
18). Briefly, rats were anesthetized with intra-
muscular injection of ketamine (60 mg/kg)
and xylazine (10 mg/kg). Animals were then
intubated and artificially ventilated. A left tho-
racotomy was performed to expose the heart
and the left anterior descending coronary ar-
tery was ligated by positioning a 6-0 silk su-
ture between the pulmonary artery outflow
tract and the left atrium. The lungs were
thereafter hyperinflated using positive end-
expiratory pressure and the thorax was imme-
diately closed. Animals were caged individu-
ally after each surgical operation.

Hemodynamic and Infarct Size Measure-
ments. Hemodynamic measurements were
performed to assess in vivo cardiac function 24
hrs after coronary artery ligation (9). Rats
were re-anesthetized with ketamine and xyla-
zine, and a polyethylene catheter (PE-50) was
inserted into the right carotid artery to record
the arterial pressure. The catheter was then
advanced retrograde into the left ventricle
(LV) for recording of LV pressures. Heart rate,
arterial pressure, LV systolic pressure, LV end-
diastolic pressure, and the maximal positive
and minimal negative first derivatives of LV
pressure (�dP/dtmax and �dP/dtmin; parame-
ters that represent contractility and diastolic
relaxation, respectively) were analyzed by
PowerLab Chart software (ADInstruments,
Colorado Springs, CO).

After hemodynamic measurements were
obtained, infarct size was determined using
Evans blue and 5% triphenyltetrazolium chlo-
ride according to our previous reports (9, 16,
19). The proportions of the LV that were nor-
mally perfused, at risk, or infarcted were cal-
culated by volumetric analyses and expressed
as a percent of total LV weight. Infarct size (%)
was expressed as the weight of infarcted LV
divided by the weight of LV at risk.

Caspase-3 Activity. Caspase-3 activity was
measured in heart tissues from the peri-
infarct area using a caspase-3 assay kit
(BIOMOL, Plymouth Meeting, PA) (16).

Briefly, heart tissue homogenates were incu-
bated in the presence of caspase-3 substrate
Ac-DEVD-AMC, with or without the inhibitor
Ac-DEVD-CHO. Fluorescence intensity (exci-
tation at 360 nM, emission at 460 nM) was
measured using a fluorescent microplate
reader (SpectraMaxM5; Molecular Devices,
Sunnyvale, CA), and activity was extrapolated
from a standard curve. Data were expressed as
the amount of AMC substrate cleaved per �g
of protein per hour.

Terminal Deoxynucleotidyl Transferase d-
UTP Nick-End Labeling Staining. Terminal
deoxynucleotidyl transferase d-UTP nick-end
labeling (TUNEL) was used to localize and
quantitatively assess cells undergoing apopto-
sis using the In Situ Cell Death Detection Kit
(Roche, Indianapolis, IN) on paraffin heart
sections (16, 19). As a counterstain, cells were
stained with Hoechst 33,342. Fifteen separate
fields were examined using a fluorescent mi-
croscope (Observer D1; Zeiss, Oberkochen,
Germany) at �630 magnification to quantify
the number of TUNEL-positive nuclei. Images
were obtained by a laser confocal microscope
(LSM 510 Meta; Zeiss). Data were expressed as
the average percentage of TUNEL-positive nu-
clei indentified by two independent observers.

Blood Biochemistry. Intracellular ATP was
measured in fresh and stored blood samples
using a bioluminescence kit (Sigma, St. Louis,
MO). Erythrocytic 2,3-DPG concentrations in
fresh and stored blood samples were measured
using an ultraviolet absorbance assay (Roche,
Laval, Quebec) as per manufacturer’s instruc-
tions. Supernatant Hb was quantified using a
colorimetric plasma-free Hb assay (Catachem,
Oxford, CT).

Statistics. Data are expressed as the
means � SEM. Survival was analyzed by Ka-
plan-Meier method using log-rank test. Infarct
size and hemodynamics were analyzed using
one-way analysis of variance followed by
Bonferroni test, which was limited to four
comparisons of interest. The biochemical
measurements were analyzed by the Student
t test; p � .05 was considered statistically
significant.

RESULTS

Body Weight and Hemoglobin

All animals had a similar body weight
and Hb at baseline. Animals fed an iron-
deficient diet in combination with phle-
botomy had significantly decreased Hb
levels as compared to the standard diet
group by the end of a 2-wk period before
surgery (p � .01), with mean Hb levels
reaching the target level of 80–90 g/L
(Table 1). After blood transfusion, the Hb
level was increased to 100.5 � 0.4 g/L in
the anemic animals.
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Effects of Transfusion of Fresh
and Stored Blood on Survival
After MI in Anemic Rats

After MI, the animal survival rates
were monitored for 24 hrs. Survival in
the untransfused anemic group (6/13)
was significantly decreased after MI com-
pared to the normal Hb group (10/11)
(p � .017; Fig. 1). Transfusion of fresh
blood (9/11) but not stored blood (7/14)
significantly increased animal survival af-
ter MI compared to the untransfused ane-
mic group (p � .046; Fig. 1).

Effects of Transfusion of Fresh
and Stored Blood on Infarct
Size After MI in Anemic Rats

Twenty-four hours after MI, the area
at risk-to-LV weight ratios were not sig-
nificantly different between any groups,
indicating that a similar degree of myo-
cardial ischemia was induced in all
groups (P � not significant; Fig. 2A).
However, the infarct-to-area at risk

weight ratios were significantly increased
in the untreated Hb 80–90 g/L compared
to the those of normal Hb group (p �
.05). Transfusion of fresh, but not stored,
blood significantly decreased infarct size
to the same level as that of the normal Hb
group (p � .05; Fig. 2B).

Effects of Transfusion on
Cardiac Function After MI in
Anemic Rats

Cardiac function was determined at 24
hrs after MI. Heart rate was not signifi-
cantly different among all groups (P �
not significant; Table 2). The mean arte-
rial pressure was significantly lower in
the untreated anemia group compared to
that of the normal Hb group (p � .05).
Transfusion of fresh blood, but not stored
blood, significantly increased mean arte-
rial pressure to similar levels as those of
the normal Hb group (p � .05; Table 2).
LV systolic pressure was decreased in the
untreated anemia group compared to the
normal Hb group (p � .05) and was

maintained by transfusion of fresh, but
not stored, blood in the anemic animals
(p � .05; Table 2). LV end-diastolic pres-
sure was increased in the untreated ane-
mia group compared to the normal Hb
group (p � .05; Table 2) and was not
significantly affected by transfusion of
fresh or stored blood in the anemic ani-
mals (P � not significant; Table 2). LV
�dP/dtmax and �dP/dtmin, which repre-
sent cardiac contractility and relaxation,
respectively, were significantly lower in
the untreated anemic rats compared to
the normal Hb rats (p � .05; Fig. 3A and
3B). Transfusion of fresh, but not stored,
blood in anemic rats significantly in-
creased LV �dP/dtmax and �dP/dtmin

compared to the untreated anemic group
(p � .05; Fig. 3A and 3B). These results
suggest that transfusion of fresh, but
not stored, blood improves cardiac
function in anemic animals after MI.

Effects of Transfusion of Fresh
and Stored Blood on
Myocardial Apoptosis After MI

Myocardial apoptosis within the peri-
infarct area was analyzed by TUNEL

Figure 1. Effects of transfusion of fresh and stored blood on survival in anemic rats after myocardial
infarction (MI). Transfusion was performed in rats with hemoglobin (Hb) levels of 80–90 g/L
immediately after MI to increase Hb levels to 100 g/L using fresh (�4 hrs) or stored (7 days) red blood
cells. Survival was monitored for 24 hrs after surgery. n � 11–14 rats per group. *p � .017 and 0.026
for Hb 80–90 g/L and stored blood vs. Hb 140–150 g/L, respectively. †p � .046 vs. Hb 80–90 g/L.

Figure 2. Effects of transfusion of fresh and
stored red blood cells on infarct size after myo-
cardial infarction in anemic rats. A, Percent
weight of risk area weight to total left ventricular
(LV) weight shows similar ischemic areas among
all groups (p � not significant). B, Infarct size is
expressed as the percentage of weight of infarct
area to weight of LV at risk. Data are mean � SEM

from 6–9 rats per group. Overall infarct size
comparison by one-way analysis of variance was
significant (p � .05). *p � .05 vs. hemoglobin
(Hb) 140–150 g/L. †p � .05 vs. Hb 80–90 g/L.
‡p � .05 vs. fresh red blood cell transfusion.

Table 1. Body weight and hemoglobin at baseline and before surgery

Groups

Body Weight (g) Hemoglobin (g/L)

Baseline
Before

Surgery Baseline
Before

Surgery

Hb 140–150 g/L (n � 11) 180.7 � 2.8 274.2 � 3.1 143.0 � 1.8 144.1 � 1.3
Hb 80–90 g/L (n � 13) 181.2 � 2.7 273.6 � 3.8 144.1 � 1.5 83.3 � 0.6a

Hb 80–90 g/L � fresh blood
transfusion (n � 11)

183.6 � 3.5 272.4 � 3.9 145.1 � 1.7 82.2 � 1.3a

Hb 80–90 g/L � stored blood
transfustion (n � 14)

182.1 � 2.4 276.4 � 3.6 144.8 � 2.0 83.3 � 0.4a

Data are mean � SEM. Fresh blood transfusion indicates transfusion of fresh blood to reach
hemoglobin (Hb) of 100 g/L. Stored blood transfusion indicates transfusion of 7-day stored blood to
reach Hb of 100 g/L. Body weight and Hb were similar among all groups at baseline. Before surgery,
Hb was significantly lower in anemic groups compared to Hb 140–150 g/L group.

ap � .01).
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staining and caspase-3 activity. Represen-
tative images of TUNEL staining for nor-
mal Hb, untreated anemia, and transfu-
sion with fresh blood or stored blood
groups are shown in Figures 4A, 4B, 4C,
and 4D, respectively. Quantitative analy-
sis showed that the number of TUNEL-
positive cells and caspase-3 activity in the
peri-infarct region were significantly in-
creased in the untreated anemic group
compared to the normal Hb group (p �
.05). Transfusion of fresh, but not stored,
blood significantly decreased TUNEL pos-
itivity and caspase-3 activity in the ane-
mic animals (p � .05; Fig. 4E and 4F).

Figure 3. Effects of transfusion of fresh and
stored red blood cells on left ventricular (LV)
contractility (�dP/dt) and relaxation (�dP/dt) 24
hrs after myocardial infarction in anemic rats. A,
LV �dP/dtmax. B, LV –dP/dtmin. Data are mean �
SEM from 6–9 rats per group. Overall comparison
by one-way analysis of variance was significant
(p � .05). *p � .05 vs. hemoglobin (Hb) 140–150
g/L. †p � .05 vs. Hb 80–90 g/L. ‡p � .05 vs. fresh
red blood cell transfusion.

Figure 4. Effects of transfusion of fresh and stored red blood cells (RBCs) on myocardial apoptosis in
peri-infarct area 24 hrs after myocardial infarction in anemic rats. A–D, Representative confocal
images of terminal deoxynucleotidyl transferase d-UTP nick-end labeling (TUNEL) staining from
normal hemoglobin (Hb) (A), Hb 80–90 g/L (B), Hb 80–90 g/L plus fresh RBC transfusion (C), and Hb
80–90 g/L plus stored RBC transfusion (D). TUNEL-positive nuclei stained in green with Hoechst
(blue) as a nuclear stain. White arrows indicate positive signal. E, Quantitative analysis of TUNEL-
positive nuclei. F, Myocardial caspase-3 activity. Data are mean � SEM from 6–7 rats per group. Overall
comparison by one-way analysis of variance was significant (p � .05). *p � .05 vs. Hb 140–150 g/L.
†p � .05 vs. Hb 80–90 g/L. ‡p � .05 vs. fresh RBC transfusion.

Table 2. Changes in heart rate, mean arterial pressure, left ventricular systolic pressure, and left ventricular end-diastolic pressure 24 hrs after myocardial
infarction

Groups Heart Rate (bpm)
Mean Arterial

Pressure (mm Hg)
Left Ventricular Systolic

Pressure (mm Hg)
Left Ventricular End-Diastolic

Pressure (mm Hg)

Hb 140–150 g/L (n � 8) 334.1 � 4.3 108.8 � 3.1 133.0 � 2.9 4.8 � 1.5
Hb 80–90 g/L (n � 6) 324.5 � 14.5 81.2 � 3.1a 109.3 � 3.0a 11.3 � 1.3a

Hb 80–90 g/L � fresh blood
transfusion (n � 9)

342.2 � 8.2 105.6 � 3.5b 128.2 � 3.0b 8.6 � 1.4

Hb 80–90 g/L � stored blood
transfusion (n � 7)

338.4 � 10.9 89.0 � 3.0a,c 104.5 � 1.4a,c 9.1 � 1.4

Data are mean � SEM . Fresh blood transfustion indicates transfusion of fresh blood to reach hemoglobin (Hb) of 100 g/L. Stored blood transfusion
indicates transfusion of 7-day stored blood to reach Hb of 100 g/L.

Overall comparison by one-way analysis of variance was significant in mean arterial pressure, left ventricular systolic pressure, and left ventricular
end-diastolic pressure (p � .05).

ap � .05 vs. Hb 140–150 g/L; bp � .05 vs. Hb 80–90 g/L; cp � .05 vs. fresh red blood cell transfusion.
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These results suggest that fresh, but
not stored, blood transfusion inhibits
myocardial apoptosis in anemic animals
after MI.

Effects of Storage on Blood
Biochemistry

ATP and 2,3-DPG levels were signifi-
cantly decreased in the stored compared
to fresh RBCs (p � .05; Fig. 5A and 5B).
Free Hb and percentage of free to total
Hb in the storage medium were also sig-
nificantly increased after storage (p �
.01; Fig. 5C and 5D). These changes are
consistent with previously described stor-
age-induced lesions in RBCs (17).

DISCUSSION

In this study, we used an animal
model of anemia and myocardial isch-
emia to measure organ injury and the
response to transfusion of fresh and
stored RBC products. Using the same
model, we previously demonstrated the
harmful effects of anemia (Hb �100 g/L)
after irreversible myocardial ischemia on
LV function and mortality, and we found
that transfusion with fresh blood was
therapeutically beneficial (9). The present
study showed that the beneficial effects of
transfusion are limited to fresh blood
only, and we demonstrated for the first
time to our knowledge that stored blood
is ineffective at salvaging ischemic myo-
cardium.

Several investigators have reported a
deleterious effect of RBC storage on tis-
sue oxygenation after transfusion in ani-
mal models. In a hemorrhagic shock

model, van Bommel et al (20) found that
transfusion of rat RBCs stored for 28 days
showed significantly reduced deformabil-
ity and did not improve microvascular
tissue PO2 when compared to fresh (�5
days stored) RBCs. This result was attrib-
uted to the occlusion of the microcircu-
lation by nondeformable cells, a phenom-
enon we observed using intravital
microscopy to monitor stored fluores-
cently labeled transfused rat RBCs adher-
ing in capillaries of striated muscle (21).
In a xenogenic transfusion model, an iso-
volemic exchange transfusion of human
blood into rats decreased microvascular
PO2 in animals receiving stored blood
(22). Although we did not directly mea-
sure myocardial microvascular PO2,our
results are consistent with the reported
negative effects of stored blood on tissue
oxygenation.

Several studies also have examined the
association of RBC storage times and
clinical outcomes in cardiac patients, but
none in the setting of anemia and acute
MI. A large retrospective study conducted
by Koch et al (23) showed that transfu-
sion of older blood (mean storage time,
20 days) as compared to newer blood (11
days) in patients undergoing cardiac sur-
gery was a predictor for increased mor-
tality and a number of complications, al-
though more patients in the older blood
treatment group had LV dysfunction and
peripheral vascular disease at baseline. A
more recent study in pediatric patients
undergoing bypass surgery also found
that storage time of RBCs used for prim-
ing the cardiopulmonary bypass circuit
was an independent risk factor for post-

operative morbidity (24). Other retro-
spective studies (25–27) failed to identify
any significant associations between
blood storage and morbidity after cardiac
surgery. Lelubre et al (12) performed a
systematic review of the literature, but a
number of confounding factors makes it
difficult to identify any relationship be-
tween age of transfused RBCs and out-
comes in adult patients. A meta-analysis
by Vamvakas (28) also concluded that
available clinical studies do not support
an association of transfusion of old RBCs
and increased morbidity and mortality.

The mechanisms for the observed dif-
ferences in efficacy of fresh vs. stored
blood in our study remain uncertain.
Prolonged storage results in the well-
described “storage lesion” in human (10,
11), rat (17), and mouse (29) blood. In
the present study, we confirmed the pre-
viously described decline in RBC ATP and
2,3-DPG, and we also observed increased
free Hb concentrations in the storage me-
dium. However, we did not directly ad-
dress which of the constellation of
changes contributes to the deleterious ef-
fects observed.

In our studies ATP levels declined
from 2.64 and to 1.73 �mol/g Hb after 7
days of storage, a level sufficient to
achieve RBC survival of �70% 24 hrs
after transfusion (17). Recently, ATP syn-
thesis by the glycolytic pathway in RBCs
has been shown to act as a potent vaso-
dilator when released from RBCs under
hypoxic conditions, binding to purinergic
receptors and stimulating nitric oxide
production in endothelial cells (30, 31).
In stored rat blood, ATP levels were re-
duced, suggesting an impairment of gly-
colytic ATP production. The loss of de-
formability that occurs during prolonged
storage could also reduce the ability of
RBCs to release ATP (17). Interestingly,
ATP-replete human blood transfused in
rats improved microvascular PO2 (22).
Thus, it is possible that the observed re-
ductions in ATP in stored rat blood may
result in the inability of transfused RBCs
to release ATP and regulate local blood
flow, thereby reducing tissue O2 delivery
and increasing infarct size.

The free Hb concentrations measured
in the stored blood in this study are
within clinically acceptable levels for hu-
man blood transfusion. Plasma-free Hb
scavenges nitric oxide 1000-fold faster
than the Hb in RBCs (32, 33). Because
endothelium-derived nitric oxide is a cru-
cial regulator of coronary circulation
(34), this potent nitric oxide scavenging

Figure 5. Blood biochemistry of fresh (�4 hrs) vs. stored (7 days) blood. A, Red blood cell ATP. B, Red
blood cell 2,3-DPG. C, Supernatant-free hemoglobin (Hb). D, Supernatant-free Hb-to-total Hb ratio.
Data are mean � SEM, n � 6–7. *p � .05. **p � .001 vs. fresh red blood cells.
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ability of free Hb may also contribute to
the increased tissue injury seen after stored
blood transfusion via increased vasocon-
striction. Clinical use of free Hb solutions
has shown to be associated with MI and
mortality in hemorrhagic shock (35).

Recent work by Hod et al (36) using a
mouse transfusion model showed that
the deleterious effects of stored blood are
mediated by proinflammatory cytokines
released by monocytes/macrophages and
tissue iron deposition. More importantly,
they demonstrated that neither the su-
pernatant nor RBC membranes (cell
ghosts) could elicit similar inflammatory
responses. The acute release of cytokines
and iron from monocytes/macrophages
could also contribute to myocardial tis-
sue injury and apoptosis observed in our
study.

The present study was limited to ex-
amining the acute effects of transfusion
in relatively small number of animals per
group. The long-term effects of RBC
transfusion remain to be determined. We
chose a single target Hb of 100 g/L based
on our previous work that showed this to
be the optimal level for improving cardiac
function and survival (9, 16). Extrapola-
tion from the current animal study to
human population in terms of transfu-
sion threshold and target should be cau-
tioned because transfusion in patients
with Hb levels �80 g/L failed to show any
benefits and actually appeared to be del-
eterious in some clinical studies (7, 37,
38). However, the age of blood used in
these clinical studies was not reported.
Thus, it is possible that transfusion of the
aged blood is responsible for the detri-
mental effects observed in these studies
(7, 37, 38).

The findings of the present study sug-
gest that the changes that occur during
blood storage are significant enough to
abrogate the beneficial effects of transfu-
sion on myocardial salvage after MI. Our
study supports the use of fresh blood in
the setting of anemia during acute MI.
This insightful information may stimu-
late studies on blood storage to define
“fresh” and “older” human blood and may
help in the design of future clinical trials
to study the effects of fresh vs. older
blood transfusion in anemic patients with
acute MI.

REFERENCES

1. Wu WC, Rathore SS, Wang Y, et al: Blood
transfusion in elderly patients with acute

myocardial infarction. N Engl J Med 2001;
345:1230–1236

2. Sabatine MS, Morrow DA, Giugliano RP, et
al: Association of hemoglobin levels with
clinical outcomes in acute coronary syn-
dromes. Circulation 2005; 111:2042–2049

3. Langston RD, Presley R, Flanders WD, et al:
Renal insufficiency and anemia are indepen-
dent risk factors for death among patients
with acute myocardial infarction. Kidney Int
2003; 64:1398–1405

4. Nikolsky E, Aymong ED, Halkin A, et al:
Impact of anemia in patients with acute myo-
cardial infarction undergoing primary percu-
taneous coronary intervention: Analysis from
the Controlled Abciximab and Device Inves-
tigation to Lower Late Angioplasty Compli-
cations (CADILLAC) Trial. J Am Coll Cardiol
2004; 44:547–553

5. Lee PC, Kini AS, Ahsan C, et al: Anemia is an
independent predictor of mortality after per-
cutaneous coronary intervention. J Am Coll
Cardiol 2004; 44:541–546

6. Rao SV, Jollis JG, Harrington RA, et al: Re-
lationship of blood transfusion and clinical
outcomes in patients with acute coronary
syndromes. JAMA 2004; 292:1555–1562

7. Aronson D, Dann EJ, Bonstein L, et al: Im-
pact of red blood cell transfusion on clinical
outcomes in patients with acute myocardial
infarction. Am J Cardiol 2008; 102:115–119

8. Crosby E: Re-evaluating the transfusion trig-
ger: How low is safe? Am J Ther 2002;
9:411–416

9. Hu H, Xenocostas A, Chin-Yee I, et al: Effects
of anemia and blood transfusion in acute
myocardial infarction in rats. Transfusion
2010; 50:243–251

10. Hess JR: Red cell changes during storage.
Transfus Apher Sci 2010; 43:51–59

11. Ho J, Sibbald WJ, Chin-Yee IH: Effects of
storage on efficacy of red cell transfusion:
When is it not safe? Crit Care Med 2003;
31:S687–S697

12. Lelubre C, Piagnerelli M, Vincent JL: Associ-
ation between duration of storage of trans-
fused red blood cells and morbidity and mor-
tality in adult patients: Myth or reality?
Transfusion 2009; 49:1384–1394

13. Zubair AC: Clinical impact of blood storage
lesions. Am J Hematol 2010; 85:117–122

14. Triulzi DJ, Yazer MH: Clinical studies of the
effect of blood storage on patient outcomes.
Transfus Apher Sci 2010; 43:95–106

15. Strube YN, Beard JL, Ross AC: Iron defi-
ciency and marginal vitamin A deficiency af-
fect growth, hematological indices and the
regulation of iron metabolism genes in rats.
J Nutr 2002; 132:3607–3615

16. Xenocostas A, Hu H, Chin-Yee N, et al:
Erythropoietin is equally effective as fresh-
blood transfusion at reducing infarct size in
anemic rats. Crit Care Med 2010; 38:
2215–2221

17. d’Almeida MS, Jagger J, Duggan M, et al: A
comparison of biochemical and functional
alterations of rat and human erythrocytes
stored in CPDA-1 for 29 days: implications

for animal models of transfusion. Transfus
Med 2000; 10:291–303

18. Xiang FL, Lu X, Hammoud L, et al: Car-
diomyocyte-specific overexpression of hu-
man stem cell factor improves cardiac func-
tion and survival after myocardial infarction
in mice. Circulation 2009; 120:1065–1074

19. Burger DE, Xiang FL, Hammoud L, et al:
Erythropoietin protects the heart from ven-
tricular arrhythmia during ischemia and rep-
erfusion via neuronal nitric-oxide synthase.
J Pharmacol Exp Ther 2009; 329:900–907

20. van Bommel J, de Korte D, Lind A, et al: The
effect of the transfusion of stored RBCs on
intestinal microvascular oxygenation in the
rat. Transfusion 2001; 41:1515–1523

21. Chin-Yee IH, Gray-Statchuk L, Milkovich S,
et al: Transfusion of stored red blood cells
adhere in the rat microvasculature. Transfu-
sion 2009; 49:2304–2310

22. Raat NJ, Verhoeven AJ, Mik EG, et al: The
effect of storage time of human red cells on
intestinal microcirculatory oxygenation in a
rat isovolemic exchange model. Crit Care
Med 2005; 33:39–45

23. Koch CG, Li L, Sessler DI, et al: Duration of
red-cell storage and complications after cardiac
surgery. N Engl J Med 2008; 358:1229–1239

24. Ranucci M, Isgro G, Carlucci C, et al: Central
venous oxygen saturation and blood lactate
levels during cardiopulmonary bypass are as-
sociated with outcome following pediatric
cardiac surgery. Crit Care 2010; 14:R149

25. Yap CH, Lau L, Krishnaswamy M, et al: Age
of transfused red cells and early outcomes
after cardiac surgery. Ann Thorac Surg 2008;
86:554–559

26. Leal-Noval SR, Jara-Lopez I, Garcia-Garmen-
dia JL, et al: Influence of erythrocyte concen-
trate storage time on postsurgical morbidity
in cardiac surgery patients. Anesthesiology
2003; 98:815–822

27. Vamvakas EC, Carven JH: Length of storage
of transfused red cells and postoperative
morbidity in patients undergoing coronary
artery bypass graft surgery. Transfusion
2000; 40:101–109

28. Vamvakas EC: Meta-analysis of clinical stud-
ies of the purported deleterious effects of
“old” (versus “fresh”) red blood cells: Are we
at equipoise? Transfusion 2010; 50:600–610

29. Makley AT, Goodman MD, Friend LA, et al:
Murine blood banking: Characterization and
comparisons to human blood. Shock 2010;
34:40–45

30. Sprague RS, Hanson MS, Achilleus D, et al:
Rabbit erythrocytes release ATP and dilate
skeletal muscle arterioles in the presence of
reduced oxygen tension. Pharmacol Rep
2009; 61:183–190

31. Dietrich HH, Ellsworth ML, Sprague RS, et
al: Red blood cell regulation of microvascular
tone through adenosine triphosphate. Am J
Physiol Heart Circ Physiol 2000; 278:
H1294–H1298

32. Minneci PC, Deans KJ, Zhi H, et al: Hemo-
lysis-associated endothelial dysfunction me-
diated by accelerated NO inactivation by de-

745Crit Care Med 2012 Vol. 40, No. 3



compartmentalized oxyhemoglobin. J Clin
Invest 2005; 115:3409–3417

33. Reiter CD, Gladwin MT: An emerging role for
nitric oxide in sickle cell disease vascular
homeostasis and therapy. Curr Opin Hema-
tol 2003; 10:99–107

34. Quyyumi AA, Dakak N, Andrews NP, et al: Ni-
tric oxide activity in the human coronary cir-
culation. Impact of risk factors for coronary ath-
erosclerosis. J Clin Invest 1995; 95:1747–1755

35. Sloan EP, Koenigsberg M, Brunett PH, et al:
Post hoc mortality analysis of the efficacy trial
of diaspirin cross-linked hemoglobin in the
treatment of severe traumatic hemorrhagic
shock. J Trauma 2002; 52:887–895

36. Hod EA, Zhang N, Sokol SA, et al: Transfusion
of red blood cells after prolonged storage pro-
duces harmful effects that are mediated by iron
and inflammation. Blood 2010; 115:
4284–4292

37. Hebert PC: The TRICC trial: A focus on the
sub-group analysis. Vox Sang 2002; 83(Suppl
1):387–396

38. Yang X, Alexander KP, Chen AY, et al: The
implications of blood transfusions for pa-
tients with non-ST-segment elevation
acute coronary syndromes: Results from
the CRUSADE National Quality Improve-
ment Initiative. J Am Coll Cardiol 2005;
46:1490 –1495

746 Crit Care Med 2012 Vol. 40, No. 3


