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Abstract

Background—The effect of red blood cell (RBC) storage on oxygenation in critically ill patients
is still unknown. The objective of this study was to determine the association of RBC storage with
oxygenation, long-term neurological recovery, and death after traumatic brain injury.

Methods—We used data from a 2x2 factorial randomized controlled trial of administration of
Erythropoietin or placebo and of assignment to transfusion threshold <7g/dl or <10 g/dl in
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neurosurgical intensive care units in 2 US level 1 trauma centers. Patients had severe traumatic
brain injury with closed head injury, were unable to follow commands, and were enrolled within 6
hours of injury. Blood oxygenation one hour after the transfusion as measured by jugular venous
oxygen saturation (SjvO2, n=59) was the primary outcome. Secondary outcomes were brain tissue
oxygenation (PbtO2, n=77), 6-month Glasgow Outcome Scale (GOS, n=122) collected using a
structured interview and dichotomized into favorable (good recovery or moderate disability) or
unfavorable outcome (severe disability, vegetative state, or dead), and mortality (n=125). RBC age
was defined as the maximum age of RBCs over all units in one transfusion per patient. For long-
term outcomes RBC age was defined as the mean age over all units given.

Results—We failed to detect an association of RBC age with SjvO2 (linear regression p=1.59,
95% confidence interval [CI] = -2.99-6.18, P=0.49), PbtO2 (linear regression $=0.20, 95% CI
=-0.23-0.63, P=0.36), GOS (odds ratio = 1.37, 95% CI = 0.53-3.57, P=0.52), and with mortality
(hazard ratio=1.35, 95% CI1=0.61-2.98, P=0.46).

Discussion—Limitations of this study include that although this was a prospective study, the
RBC ages were not randomized. We conclude that older blood does not appear to have adverse
effects in severe TBI.

Level Of Evidence—Prospective study, level I11.

Background

Approximately 50% of all traumatic brain injury (TBI) patients receive a transfusion (1).
Longer duration of the red blood cell (RBC) storage has been hypothesized to alter RBC
function, leading to more complications. There are multiple alterations that result from the
ex vivo storage of the RBCs which result in modification of the RBC properties and the
supernatant, referred to as the “storage lesion”. A variety of metabolic and structural
changes occur in the RBC during the ex vivo storage. There is progressive decrease in the
2,3-diphosphoglycerate (DPG) levels and decrease in adenosine triphosphate levels which
may impair oxygen delivery and reduce Na+-K+ ATPase activity, respectively. There are
also irreversible membrane changes resulting in deformed sphero-echinocytes which result
in increased adherence to the endothelium and increased susceptibility to phagocytosis (2).
Additionally, there are changes that occur in the supernatant including decrease in pH and
release of proinflammatory cytokines which may exacerbate the underlying condition (2). In
trauma studies, age of RBCs has been associated with increased mortality (3-6), increased
risk of infections (3,6), and increased risk of deep vein thrombosis (DVT) (3). However,
whether or not transfusions with fresh RBCs are associated with improved outcomes has
remained inconclusive (2).

Determining the effect of age of RBCs on TBI patient outcomes, both short-term and long-
term, has been challenging. A patient may have multiple transfusions and each transfusion
could have multiple units, each unit with their own age of RBCs. The definition of patient-
level and transfusion-level age of RBCs can be confounded with the patient's injury severity;
e.g., if the patient-level age of RBCs is defined as the maximum RBC age of all units given,
a patient given more transfusions is more likely to have a larger value of their age of RBCs
as well as more likely to have a more severe injury, resulting in a bias in favor of finding an
association between age of RBCs and worse outcomes. Alternatively, taking the mean of all

J Trauma Acute Care Surg. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yamal et al. Page 3

units given for that patient is unbiased but can mask any benefit of young RBCs or harm of
older RBCs in patients with a lot of variability in their RBC age among units given.

Whereas there have been many studies assessing the possible effect of age of RBCs, there
are few prospective studies in trauma. These few studies have been limited by very small
sample sizes and in the types of outcomes assessed. Furthermore, none are in severe TBI
patients. Using data from a recently completed 2x2 factorial randomized trial (7), we studied
the associations between older age of RBCs and post-transfusion blood oxygenation
measures assessed by jugular venous oxygen saturation (SjvO2) and brain tissue PO2
(PbtO2). Additionally, we examined the association between older age of RBCs and long-
term neurological outcome at six months after injury and mortality.

Methods

Primary Hypothesis and Outcomes

Although this was a prospective study, the age of RBCs was not randomized. The blood
bank was blinded to the patient's characteristics and the oldest blood was used first
regardless of the severity of the patient's injury. Therefore the age of the RBCs is not likely
to be confounded with predictors of the outcomes. Because the oldest blood was used first as
part of standard management, consecutive units of blood (e.g., for a transfusion with
multiple units) are likely to have more similar ages of RBCs than overall (e.g., between
transfusions). Therefore, within a single transfusion there is lower likelihood of there being a
mix of younger and older RBCs than among all transfusions administered to a patient within
6 months of their injury. Therefore, the effect of the age of RBCs on short-term outcomes
after the transfusion is less likely to be confounded than on long-term outcomes. Hence, our
primary hypothesis was that an older age of RBCs was associated with less improvement in
blood oxygenation one hour after transfusion. Our secondary hypotheses were that older
ages of RBCs among all units of blood given were associated with worse neurological
outcome at six months after injury and increased mortality.

The transfusion-specific oxygenation was measured by the post-transfusion SjvO2 (primary
outcome) and PbtO2 (secondary outcome) among transfusions given within the first five
days after injury. The patient-specific neurological outcome was assessed by the
dichotomized Glasgow Outcome Scale (GOS), collected using a structured interview at six
months after injury and dichotomized per protocol into favorable outcome (good recovery or
moderate disability) or unfavorable outcome (severe disability, vegetative state, or dead).

Age of RBCs

Age of the RBCs was defined at the transfusion level and at the patient level for short-term
and long-term outcomes, respectively. The first transfusion administered within 5 days of
injury with the most complete outcome data recorded was considered for the analysis of the
primary outcome. The rationale was to limit any confounding effect on the outcomes from
the randomization groups, limit bias if we had omitted patients that had some missing data
in their first transfusion and were possibly not missing at random, and to maintain as large of
a sample size as possible. The transfusion-level age of blood was the maximum age of RBCs
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over all units administered in this transfusion. All transfusions per patient were used for
long-term outcomes (GOS and mortality) because of possible multiple transfusion additive
effects and the difficulty associating a single transfusion (where there could be multiple
transfusions per patient) with a long-term outcome. The patient-level age of blood was the
mean age of RBCs over all units given to that patient.

Study Population

A total of 200 subjects were enrolled into the Erythropoietin TBI trial between 2006 and
2012. The details of the design of the study and the results of the primary analysis have been
previously reported (7). Briefly, severe TBI participants were randomly assigned to
administration of erythropoietin (Epo) or placebo and to hemoglobin transfusion thresholds
of 7 or 10 g/dl in a 2x2 factorial design. Patients received Epo (Epogen, Amgen, Inc.,
Thousand Oaks, CA) 500 1U/kg or an equal volume of saline intravenous bolus infusion for
each dose of the study drug. Patients received an initial dosage regimen of the assigned
study drug followed by two additional doses, one per week for the next two weeks provided
that the patient remained in ICU and their hemoglobin concentration levels remained below
12 g/dl. The initial dosage regimen was one dose given within six hours of injury followed
by two additional doses given every 24 hours (Epo 1 dose regimen) or one dose given within
six hours of injury (Epo 2 dose regimen). The assigned transfusion threshold was maintained
during the acute ICU management with transfusion of leukoreduced packed RBCs. Neither
the administration of Epo nor maintaining hemoglobin concentration of greater than 10 g/dL
resulted in improved neurological outcome at 6 months after injury. A higher incidence of
deep venous thrombosis events were observed with the transfusion threshold of 10 g/dL.

Study Procedures

To study changes in brain oxygenation with transfusion, we attempted to collect cerebral
hemodynamic measurements before and after all transfusion events during the first 5 days
after injury when SjvO2 monitoring was most likely to be available. Before the transfusion,
and one hour after transfusion of sufficient units of red blood cells to raise the hemoglobin
concentration to the assigned transfusion threshold, we collected SjvO2 as well as other
hemodynamic variables. Additional details of the hemodynamic measurements have been
reported (8).

Data Analysis

All statistical analyses were performed using R version 3.0.2 (R Foundation for Statistical
Computing, Vienna, Austria) or SAS version 9.3 (SAS Institute Inc) with 2-sided statistical
tests at a .05 significance level.

SjvO2 and PbtO2 outcomes analysis—Covariates considered in the analysis of SjvO2
included pre-transfusion SjvO2, Epo treatment group, transfusion threshold (<7 g/dl versus
<10 g/dl), baseline motor GCS (1-3 versus 4-5), number of units transfused (1 vs. >1), day
after injury that the transfusion occurred (<2 vs. >2 days), age of patient (<40 vs. >40), and
CT category. In the PbtO2 analysis, the covariates considered were pre-transfusion PbtO2
(instead of pre-transfusion SjvO2), location of catheter (normal vs. contused brain), and all
the other covariates included in the SjvO2 analysis. The stratifying variables used in the
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randomization of the trial (treatment group, transfusion threshold) were included per
standard statistical procedures when analyzing data from a randomized trial. Baseline motor
GCS and CT category were included as indicators of severity of injury; days from injury to
transfusion was included because injury evolves over time and response might be different
on day 1 than on day 5; age of patient was included as a prognostic factor related to
oxygenation; and location of catheter was included due to its known association with PbtO2
measurement. A Wilcoxon signed rank test was used to compare the difference in pre-
transfusion and post-transfusion hemodynamic variables and a Wilcoxon rank sum test was
used to compare these differences among the older and younger RBC age groups. We
conducted transformations of continuous variables when needed to satisfy normality
assumptions. Multiple linear regression was used to assess the effect of age of RBCs
(dichotomized at 21 days) on post-transfusion SjvO2 and PbtO2, adjusting for covariates.
We also included interaction terms pre-transfusion mean arterial pressure (MAP) x age of
RBCs, pre-transfusion intracranial pressure (ICP) x age of RBCs, and PbtO2 catheter
location x age of RBCs. Variable selection was conducted using lasso penalized regression
with the shrinkage parameter selected using 5-fold cross-validation. Age of RBCs, pre-
transfusion SjvO2 or PbtO2, and the Epo and hemoglobin transfusion threshold
randomization groups were forced in the lasso model. The final model fit was assessed using
quantile-quantile plots and examining the residuals.

GOS secondary outcome analysis—Fisher's exact test was used to compare
categorical covariates to 6-month dichotomized GOS. Logistic regression was used to model
the effect of age of RBCs on GOS, adjusting for covariates transfusion threshold group, Epo
treatment group, injury severity score, and IMPACT predicted probability of poor GOS
outcome (9). The Hosmer-Lemeshow goodness-of-fit test and the area under the receiver
operating characteristic curve were used to assess the goodness of fit.

Mortality secondary outcome analysis—Cox proportional-hazards model was used to
assess the relationship between age of RBCs and mortality, adjusting for covariates
transfusion threshold group, Epo treatment group, injury severity score, and IMPACT
predicted probability of death (9). Schoenfeld residual plots and a global test for interactions
of all predictors with log(time) simultaneously were used to assess the assumptions of
proportional hazards. Because RBC age may have differential effects over time, we
conducted a stratified Cox analysis in separate time intervals (days 0-3, 4-13, >14 days after
injury), omitting patients that had died in a previous interval and calculating the age of RBC
using transfusions that had occurred up to that time point (10).

Sensitivity analyses of age of RBCs definition—As sensitivity analyses we also
treated age of RBCs as quartiles, dividing our data into four groups based on the sample
range (<16, 16-23, 23-32, and >32 days) and based on ranges used by Leal-Noval (11) in
their data (<10, 10-14, 15-19, and >19 days), treated the RBC age as a continuous variable,
and dichotomized age of RBCs at <14 days versus older.
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Results

Of the 200 patients enrolled in the study, 125 were given at least one transfusion with a
median of 5 total units per transfused patient. The mean of the average age of RBCs given
was 22.6 days (range 5-42 days, standard deviation=8.1). There were 68 (54%) patients that
had a mean RBC age >21 days and 57 (46%) patients <21 days.

A subset of 116 patients required transfusion during the first 5 days after injury of which 59
had complete Pre- and Post- transfusion SjvO2. The reasons for not having complete SjvO2
data included (1) the transfusions were too urgent or were given in the operating room
(n=21), (2) the patient was unstable or unable to insonate vessels for transcranial Doppler
measurements of flow velocity (n=3), (3) the transfusion was given from post-op, in the EC,
or for over 24 hours (n=3), (4) the patients were recruited at a hospital where this part of the
study was not being performed (n=5), and (4) the patient was given a transfusion before
enrolled (n=1). Reasons for incomplete data were not recorded or ambiguous for 24 of the
transfused patients. The demographic and injury characteristics of the subset of patients with
complete pre- and post-transfusion cerebral hemodynamic data are shown in Supplemental
Digital Content - Table A.1 and are not different from the total population except for
expected injury severity differences for transfused versus not transfused cohorts. We did not
detect any differences in baseline variables between patients with younger and older age of
RBCs (data not shown).

Table 1 describes the univariate pre- and post-transfusion changes in cerebral
hemodynamics. There was an overall increase in SjvyO2, MAP, and hemoglobin, and a
decrease in middle cerebral artery flow volume (Fvol) and partial pressure of oxygen in
arterial blood (Pa0O2) during the transfusions. We did not observe a statistically significant
difference between the older and younger age of RBCs for any hemodynamic outcome.

Sjv0O2 Outcome

There were 59 complete cases for the SjvO2 outcome. SjvO2 increased significantly after
the transfusion (pre-transfusion median = 73.0%, post-transfusion median =76.0%; p=0.02,
Table 1). We observed a greater increase in the older age of RBCs group (medians 71.5
versus 76.0%, p=0.11) compared to the younger age of RBCs group (medians 74.0% versus
76.0%, p=0.07), but this was not statistically significant (p=0.54). After variable selection,
the multiple linear regression adjusted for variables pre-transfusion SjvO2, Epo regimen
group, transfusion threshold group, and number of units transfused. In both univariate and
adjusted analyses, we did not detect an effect of the age of RBC on post-transfusion SjvO2
(Table 1, 2). Figure 1 illustrates the overall relationship between age of RBCs and SjvO2.
The sensitivity analyses treating RBC age as a continuous variable and creating quartiles
were consistent in not revealing any trends towards improvement in oxygen delivery with
younger age of the transfused RBCs. When dichotomizing using a different threshold of <14
days, a significant p-value was detected (p=0.045). However, the direction was opposite
from our hypothesis (the younger RBC age had lower oxygenation compared to the older
RBC age group) and there were only 10 observations in the younger RBC age group.
Because all other definitions of RBC age consistently did not suggest an association, and
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due to the multiple testing and thus increased probability of type I error, we believe this
result is likely to be spurious.

PbtO2 Outcome

There were 77 complete cases for the PbtO2 outcome. PbtO2 increased after the transfusion
overall and within each of the age of RBCs groups, but the change was not statistically
significant neither within nor between groups (Table 1). We used a square root
transformation for pre- and post- transfusion PbtO2 to normalize the outcome in the multiple
regression analysis. After adjusting for covariates, there was no statistically significant effect
of maximum age of RBCs more than 21 days old on Post-transfusion PbtO2 (Table 2). Pre-
transfusion PbtO2 was statistically associated with Post-transfusion PbtO2 (p<0.001). None
of the interaction terms were statistically significant.

GOS Outcome

The 6 month GOS was available in 122 of the 125 transfused patients (23 in the Epol dose
regimen group, 37 in the Epo2 dose regimen group, and 62 in the placebo group; 73 in the
10 g/dI threshold group and 49 in the 7 g/dl threshold group). Twenty-five (20%) transfused
patients had a favorable outcome, and 97 (77.6%) had an unfavorable outcome at 6 months
after injury. There were no detectable differences found in GOS outcome when comparing
average age of RBCs that was greater than 21 (21.5% favorable) versus less than or equal to
21 days old (19.3% favorable) in transfused patients (p=0.82). After adjusting for covariates,
we failed to detect an association between age of RBCs and GOS outcome (Table 3).
Similar results were obtained in the subset of patients having either all units of transfused
RBCs <21 versus >21 days old (n=73, 9/37=24.3% favorable GOS in <21 days group and
7/36=19.4% in =21 days group; p=0.78; adjusted odds ratio=0.84, 95% CI 0.26-2.77,
p=0.78).

Mortality Outcome

Twenty-seven (21.6%) transfused patients died and 98 (78.4%) survived at 6 months after
injury. Of patients who received an average age of RBCs greater than 21 and less than or
equal to 21, 16 (23.5%) and 11 (19.3%) died, respectively (p=0.66). There was no detectable
association between age of RBCs on the risk of mortality after adjustment for other
covariates (Table 4). Similar results were obtained when we included a time-dependent
variable for first episode of hypoxia or hypotension, in the subset of patients having either
all units of transfused RBCs <21 versus >21 days old (n=73, 6/37=16.2% died in <21 days
group and 6/36=16.7% in =21 days group; p>0.99; adjusted hazard ratio=0.90, 95% CI
0.27-3.00, p=0.86), and in the stratified-by-time Cox models (Table 5).

Model Diagnostics

Model diagnostics for all adjusted models are displayed in the Supplemental Digital
Content.
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Discussion

This study is a secondary analysis of a recently completed randomized trial of erythropoietin
in TBI, in which we investigated the association between age of the RBCs transfused and
blood oxygenation as measured by SjvO2 and intracerebral PbtO2, as well as its possible
impact on the neurologic outcome at 6 months after injury and mortality. In this study, the
effect of transfusion on SjvO2 did not appear to be dependent on the age of the RBCs. In
addition, we were not able to detect associations of the age of RBCs transfused with PbtO2,
the neurologic outcomes at 6 months after injury, or with mortality.

There has been significant interest in the effect of age of blood transfused on outcomes in
the critically ill patients. Many publications over the past 5 years have attempted to answer
this question with focus on a variety of outcomes, from mortality to infection to length of
hospital stay and organ failure. The results of these studies have been conflicting. In a recent
structured literature review by Lelubre, they identified 55 studies reporting on this potential
association and found that 47% of the studies found detrimental effect of blood storage
whereas the remainder did not find any detrimental effect (2). What is clear is that the
critically ill population represents a diverse population with different baseline risk, and the
effect of the age of blood transfused may not translate across diverse populations. Therefore
it is important to assess this potential relationship in individual cohorts of patients to
determine its effect.

In our study, we chose to examine this question in patients with severe TBI, defined as
patients with a baseline GCS motor score <5. One of the main reasons for transfusion of
blood in the care of patients with brain injury is the belief that an injured brain requires at
least normal oxygen delivery and may even require supranormal oxygen delivery (1). Our
analysis does not seem to support the premise that younger blood, as it has had less time to
develop the changes associated with “storage lesion”, would have better oxygen delivery.
This is conflicting to the previous study published by Leal-Noval, et al (11).

In addition, we did not find that there was a positive effect on the long term favorable
neurologic outcome or mortality in patients who received younger RBCs, defined as the
mean age of RBCs across all transfusions received by a patient to be <21 days. These
findings are consistent with the Age of Transfused Blood in Critically Il Adults (ABLE)
trial, a multicenter, randomized, blinded trial that did not detect an association between RBC
storage groups and 90-day mortality (12). In contrast, in this study we measured long-term
(6-month) neurological recovery which may be more important for TBI patients than
mortality. Additionally, we were able to assess oxygenation differences before and after the
transfusion. Finally, in our sensitivity analyses using various definitions of younger and
older RBCs, we examined both questions of whether old RBCs had deleterious effects and
whether young RBCs improved outcomes, whereas the ABLE trial assessed the latter.

The deleterious effects of older donor leukocytes, including decreased red cell viability and
oxygen delivery, may be reduced by leukoreduced RBCs. Older leukoreduced blood has
been associated with a decreased risk of mortality (13). In our study, all transfusions used
leukoreduced blood. This may have reduced any adverse effects of blood storage.
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There are various limitations to our study. This is a secondary analysis of a prospective trial
designed to answer a separate question. As a result, the results can only be considered in
terms of hypothesis generation. The analysis of 6-month GOS and mortality may be difficult
to assess because patients did not have a randomized RBCs age resulting in varying RBCs
ages per patient. It is therefore difficult to determine whether the potential beneficial effects
of the younger RBCs were offset by the potential deleterious effects of the older RBCs,
resulting in a net no effect on these outcomes. However, the analysis of the subset of
patients receiving all younger or all older RBCs suggests no effect. Similar results were also
found in a stratified sensitivity analysis where Cox models were fit in separate time
intervals. We had many missing values for the post-transfusion oxygenation. We have
attempted to mitigate these limitations by accounting for many of the typical confounders.
The age of RBC was not randomized and therefore patients received variable ages of RBC
within a transfusion. However, only 8% (5/59) and 14% (11/77) of patients had a mix of
young and old RBCs in the transfusion used for the analysis of SjvO2 and PbtO2,
respectively, and these patients were all classified in the old group. Finally, we did not
record the age of plasma and platelets or details about other fluids that were given as part of
standard management.

Despite these limitations, our study is the first prospective study in severe TBI with a
relatively large sample size. The only other prospective study assessing this question was in
trauma patients with a small sample size of 32 and did not assess any long term outcomes
(14).

Conclusions

Based on the results of our secondary post hoc analysis of a randomized trial of patients
presenting with severe traumatic brain injury, we were not able to detect an association
between the non-randomized age of RBCs transfused and tissue oxygenation capacity of the
blood, long term neurologic outcome, and mortality. Although our study represents the
largest dataset examining the effect of age of RBCs on the outcomes of patients with severe
traumatic brain injury with standardized data collection including follow-up time, to truly
answer this question a prospective randomized trial is required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Multiple Linear Regression for Outcomes Post-Transfusion Jugular Venous Oxygen

Table 2

Page 13

Saturation (Sjvo2) and Brain Tissue Oxygenation (Pbto2), Adjusted for Lasso-Selected

Covariates

Coefficient 95% ClI p-value
Intercept 34.06 16.90-51.22  <.001
RBC (maximum) > 21 days old 1.59 -2.99-6.18 0.49
Pre-Transfusion SjvO2 0.54 0.34-0.74 <.001
Post-transfusion SjvO, Outcome  Epo 1 regimen 2.49 -3.69-8.68 0.42
Epo 2 regimen 0.85 -4.57-6.27 0.75
Transfusion Threshold <10 g/dl -2.63 -8.60-3.34 0.38
Number of units transfused (>1) 3.16 -1.96-8.29 0.22
Intercept 0.84 -0.02-1.69 0.06
RBC (maximum) > 21 days old 0.20 -0.23-0.63 0.36
Pre-Transfusion PbtO2" 0.68 0.56-0.80 <0.001
Post-transfusion PbtO, Outcome™  Epo 1 regimen -0.16 -0.74-0.42 0.58
Epo 2 regimen 0.29 -0.20-0.78 0.24
Transfusion Threshold <10 g/dI 0.61 0.12-1.09 0.02
Number of units transfused (>1) 0.27 -0.25-.79 0.30

*
Square-root transformed
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Table 3

Logistic Regression Results for Analysis of Glasgow Outcome Scale Adjusted for Pre-

Specified Covariates
GOS Outcome Odds Ratio | 95% ClI | p-value
Intercept 0.92 0.09-9.70 0.77
RBC age (average) > 21 days old 1.37 0.53-3.57 0.52
Epol regimen (compared to Placebo) 1.58 0.48-5.20 0.46
Epo2 regimen (compared to Placebo) 0.75 0.24-2.31 0.61
Transfusion Threshold <10 g/dL (compared to TT7) 1.46 0.55-3.92 0.45
Injury Severity Score 1.00 0.95-1.05 0.90
IMPACT probability of unfavorable GOS 0.96 0.94-0.99 0.002
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Table 4
Cox Regression Analysis-average age of RBCs Adjusted for Pre-specified Covariates
Mortality Hazard Ratio | 95% Confidence Interval | p-value
RBC (average) >21 days 1.35 0.61-2.98 0.46
Epo1l regimen (compared to Placebo) 1.17 0.40-3.45 0.77
Epo2 regimen (compared to Placebo) 1.13 0.43-2.97 0.78
Transfusion Threshold <10 g/dL (compared to TT7) 1.03 0.47-2.30 0.94
Injury Severity Score 1.01 0.97-1.05 0.79
IMPACT probability of Death 1.05 1.02-1.07 <.0001
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