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Abstract

Allogeneic red blood cells (PRBCs) suppress immunity and influence outcomes. The influence of
blood on the risk of infection and death may be related to the duration of storage. We sought to
determine whether blood storage duration was associated with infection or death in a large cohort
of injury victims.

We reviewed a cohort of trauma patients transfused at least one unit of PRBCs within 24 hours of
admission to a level 1 trauma center. The outcomes of interest were complicated sepsis and
mortality. We compared the amount of older blood (>14 days storage) given to patients who did or
did not develop the outcomes of interest using univariate and multivariate methods.

A total of 820 patients were included. Patients who died (n = 117) received more units of older
blood than those who lived (5 units [IQR 2-9] versus 3 units [IQR 2-6], p < 0.001). Patients with
complicated sepsis (n = 244) received a greater volume of older blood than those without
complicated sepsis (6 units [IQR 2-10] versus 3 units [IQR 1-5], p < 0.001). After adjusting for
clinical factors including the total amount of blood transfused, patients receiving =7 units of older
blood had a higher risk of complicated sepsis than patients receiving 1 or fewer units (OR = 1.9, p-
value = 0.03).

The risk for complicated sepsis and death in trauma victims who are transfused blood is high. The
amount of older blood transfused is associated with complicated sepsis. While the best strategy to
minimize the effects of allogeneic blood is to avoid unnecessary transfusions, it may be
particularly important to avoid transfusing multiple units of older blood.
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Introduction

Transfusion of red blood cells and other blood products are life saving in severely injured
patients. However, allogeneic blood transfusion, most notably packed red blood cells
(PRBCs), may contribute to sepsis and organ failure in a variety of ways that are only
partially understood. A number of investigators have demonstrated that blood transfusions
are a consistent risk factor for post-injury multiple organ failure (MOF) independent of other
shock indices (such as base deficit and lactate concentrations). The risk of post-injury organ
failure and infection increases with an increasing number of units of PRBCs transfused in
the initial 24 hours.(1;2) Taken together, the existing data indicate that allogeneic blood
transfusions contribute to organ failure and infection and are not just markers for other
indices of injury or illness severity.(3)

Although allogeneic blood likely affects innate and adaptive immunity in a variety of ways,
the exact mechanisms responsible for transfusion-related immune suppression in trauma are
unknown. During preservation under standard blood bank conditions, the red blood cell
undergoes a series of reversible and irreversible changes that could be implicated in post-
transfusion complications.(4-6) Both plasma and cellular factors may contribute. For
example, plasma from stored PRBCs primes cultured neutrophils for superoxide production.
(7) Moreover, stored plasma activates endothelial cells in an apparent age-dependent
manner.(8) Experimental evidence also suggests that several lipids and micro-particles
derived from cells in stored blood can cause pulmonary endothelial injury.(9) Despite the
evidence supporting a relationship between PRBC transfusion and infectious outcomes, not
all are consistent with this notion.(10)

In addition to the amount of blood transfused, the age or duration of PRBC storage has been
considered a factor contributing to organ failure. Although investigators have concluded that
there is a relationship, they have not convincingly separated the effects of storage duration
of individual units from the number of units transfused. Furthermore, in the case of
transfusion for traumatic hemorrhage, attention has primarily been directed towards the
blood transfused in the first 12 or 24 hours, perhaps underestimating whether blood received
after the initial 24 hours may be important. Suggestive clinical evidence of an adverse effect
of the duration blood storage comes from a review of patients who underwent coronary
artery bypass graft surgery and received allogeneic blood transfusions.(11) Patients who
were given exclusively older blood had poorer outcomes than those given exclusively newer
blood. The transfusion requirements of these cardiac surgery patients were relatively small
(50% received 1 or 2 units) and the observations, while important may not apply to severely
injured patients. Furthermore, concern was raised regarding important characteristics of this
study that limit its validity.(12) In light of the limitations in the existing literature, we
conducted this study to determine whether the storage age of transfused PRBCs was
associated with the development of complicated sepsis and mortality in a large cohort of
critically injured trauma patients.

Patients and Methods

Study Subject Enrollment

This is a retrospective review of a subgroup of a previously described prospective cohort of
severely injured trauma victims. (13) Inclusion and exclusion criteria were derived from the
parent study and are summarized here. We included victims of blunt and penetrating trauma
who were admitted to the intensive care unit at Harborview Medical Center (Seattle, WA)
between August 2003 and December 2005 who received at least 1 unit of allogeneic PRBCs
during the first 24 hours after arrival to hospital. We excluded patients who died within 24
hours of injury, were transferred out of the ICU within 24 hours of injury or received blood
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prior to transfer to our hospital. The Institutional Review Board of the University of
Washington approved the study. We collected demographic information (i.e., age, gender),
injury characteristics (i.e., mechanism, anatomic injury severity), and information pertaining
to hospital course (i.e. length of stay, complications such as sepsis and organ failure), and
discharge disposition. Detailed data regarding all transfused blood products were obtained
from the Puget Sound Blood Center (Seattle, WA). These data included the date of
transfusion and the duration of storage prior to transfusion (days).

Practice during Study Period

The approach to the transfusion of packed red blood cells and other blood products has
remained relatively stable over the study period. During acute resuscitation, PRBC and other
blood products are transfused early in patients with hemorrhagic shock. Our hospital also
has a massive transfusion protocol (MTP) which is instituted in all patients who are in shock
and considered by the trauma surgeon likely to require > 6 of PRBC during resuscitation.
The objective of the MTP is to obtain measures of coagulation status early (PT, PTT,
platelet count and fibrinogen concentration) and to ensure that additional blood products
(platelets, plasma and cryoprecipitate when indicated) are rapidly available for patients at
high risk for or who have a coagulopathy. Following resuscitation and once the patient is
stabilized and admitted to the ICU or hospital ward, our practice is to follow a more
restrictive practice of PRBC transfusion. We adhere to published guidelines for the
transfusion of critically ill patients.(14;15)

Primary Outcomes

We focused on two end-points of primary importance: complicated sepsis and death. Sepsis
was defined by the presence of a positive bacterial culture from a normally sterile site
combined with the systemic inflammatory response syndrome (SIRS).(16) Complicated
sepsis includes patients who developed severe sepsis (sepsis with organ failure) or septic
shock, the two most severe manifestations of infection.(17) The clinical criteria for SIRS,
organ failure or shock must have been met within a 48 hour period of the index positive
culture. The day of sepsis onset was assigned based upon when the first evidence for sepsis
(clinical or microbiological) was present. Therefore, if a culture was positive on day “5” and
the associated SIRS criteria were met on day “3”, the date of onset was recorded as day “3”.

Statistical Analyses

Studies suggest that deleterious effects of allogeneic red blood cell transfusion are evident
after a storage age beyond 14 days. For the purpose of our primary analyses, each unit of
blood was categorized as “younger” (< 14 days storage) or “older” (>14 days storage).(6;18)
Our analyses include all the PRBC transfusions that patients received during their
hospitalization. Continuous data are presented as medians and interquartile ranges (IQR).
Categorical data are presented as numbers and percentages. Excel 7.0 for Windows
(Redmond, WA) and SPSS 16.0 for Windows (SPSS Inc, Chicago, Ill) were used for data
management and analysis. Our primary comparisons concerned the two main end points of
mortality and complicated sepsis. We chose these endpoints as they were frequent, are
clearly adverse outcomes and may be directly influenced by the amount and possibly age of
allogeneic PRBCs. We used the Mann-Whitney — U and chi-square tests to compare
continuous and categorical variables, respectively. Actual p-values from each analysis are
reported. Forward stepwise logistic regression was used to determine whether the age of
transfused PRBCs was associated with mortality or complicated sepsis, controlling for
important covariates and potential confounders. These covariates included: age, sex, race,
injury severity score, body region AIS scores, arterial base deficit, co-morbid conditions and
injury mechanism. Adjusted odds ratios (ORs) and 95% confidence intervals (CIs) as well as
the associated p-values are presented. We included continuous variables (age, base deficit,
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ISS, total number of units transfused and number of older units of blood transfused) in a
variety of ways in our logistic regression models. The form in which these variables were
included (continuous, categorized into quartiles or binary) in each of the final models was
based upon which format resulted in the best predictive model (lowest Hosmer-Lemeshow
goodness-of-fit statistic). For example we included age in various ways in our multivariate
models (continuous, quartiles and dichotomized as < 55 or > 55 years). Age was
dichotomized as < 55 or > 55 years for our final analyses because this resulted in the best
predictive models for both mortality and complicated sepsis.

Details of study cohort

The number
with death

The number
sepsis

From August 1, 2003 to December 31, 2005, 1958 trauma patients were prospectively
enrolled and included in our database. Of these, 820 received at least one unit of PRBCs
within 24 hours of admission and are included in our analyses. Figure 1 summarizes the
study subject inclusion and exclusion. Demographic and clinical characteristics are included
in Table 1 and are summarized here. Patients were initially transfused for hemorrhagic
shock or anemia. In all cases either the initial hemoglobin or lowest hemoglobin in the first
24 hours was < 11 g/dl. The median number of units transfused was 6 (IQR 4-11) of which
4 units (IQR 2-7) were administered during the first 24 hours (Table 2). The median age of
all transfused blood was 17 days (IQR 11-23). The median number of units of older blood
transfused was 3 (IQR 2-7). A total of 471 patients (57% of the transfused patients)
developed sepsis. The median day of onset of the first evidence of sepsis was day 5. Figure 2
illustrates the day of transfusion of all PRBC units received as well as the first evidence of
sepsis for the 471 patients who developed any infection. A total of 6,626 units (87% of all
units) were transfused within the first 3 days after injury.

Ventilator associated pneumonia was the most common site of infection, occurring in 340
(42%) patients. Urinary tract infections occurred in 169 (20%) patients but were rarely the
only site of infection in patients with complicated sepsis. Bloodstream (n = 125 [15%]) and
wound infections (n = 121 [15%]) were the next most frequent sites of infection. Many
patients developed multiple infections over the course of their hospital stay.

of units of PRBCs transfused but not the number of older units is associated

The 117 (14%) patients who died received more blood when compared to those who lived (9
units [QR 5-19] versus 6 units [QR 6-10]). Patients who died also received more units of
older blood (5 units [IQR 2-9] versus 3 units [IQR 2—-6]) in survivors. The data are shown in
Figure 2 and Table 3. Also shown Table 3 are the important injury and demographic factors
that were different between the survivors and non-survivors by unadjusted analyses.

The results of the multivariate analysis are also in Table 4. Multivariate analysis indicated
that the total number of units transfused but not the number of units of older blood was an
independent risk factor for mortality after controlling for patient age, ISS, sex and severity
of traumatic brain injury.

of older units transfused is associated with the development of complicated

Patients who developed complicated sepsis received more blood in total and more units of
older blood. The 244 patients who developed complicated sepsis received a median of 9
units (IQR 6-17) in comparison to the 576 patients without complicated sepsis who received
5 units (IQR 2-6). The patients with complicated sepsis received 6 units (IQR 2-10) of older
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blood compared to patients without complicated sepsis, who received 3 units (IQR 1-5) of
older blood (Figure 3 and Table 5). The differences were statistically significant for both the
total number of units and the number of units of older blood transfused.

Unlike the case with mortality, the number of units of older blood remained associated with
complicated sepsis after controlling for age, sex, total amount of PRBCs transfused and
injury severity score (Table 5). The association was primarily determined by patients who
received 7 or more units of older blood (OR 1.9, 95% CI 1.1 - 3.4).

Not all blood was transfused prior to patients demonstrating any evidence of sepsis.
However, it is also difficult to determine the exact onset of sepsis. Understanding this, we
also compared the amount of old blood received prior to any evidence of sepsis. Even by
this conservative estimate, patients with complicated sepsis received more old blood (4
units, IQR 2-7) than patients with uncomplicated sepsis (3 units, IQR 1-4. P-value = 0.001).

Discussion

Allogeneic blood transfusions are potentially harmful. Hemolytic transfusion reactions are
rare and can be avoided by careful attention to patient and unit identification throughout the
process of obtaining and administering blood.(19) However, it is evident that blood
transfusions have other immunological effects with important clinical implications. Of these,
transfusion-related acute lung injury has received the most attention and is perhaps the best
understood.(20) However, there is evidence suggesting a broader range of clinical effects of
blood transfusions in trauma and other critically ill patients.(21;22) We observed two
important associations in our study.

First, the volume of blood transfused is associated with death. While hemorrhage is clearly
an important cause of death after injury, these patients did not simply bleed to death as the
majority died days, and often weeks, after injury and after transfusion. Our study design
excluded patients who died less than 24 hours after admission, resulting in non-survivors
who died after a median of 7 days in the ICU. Nevertheless, we recognize that the volume of
blood transfused, particularly during the initial resuscitation, reflects the severity of injury
and amount of hemorrhage. Both of which are important risk factors for mortality and
complications such as organ failure and infection. Our observations are similar to what other
investigators have found.(23;24) Although patients who died did receive a greater volume of
older blood, after adjusting for other mortality risk factors, including the total amount of
blood transfused, the amount of older blood was not associated with death. This observation
differs from other reports. Our data, in conjunction with previous reports, demonstrates that
the total volume of blood is the primary transfusion-related mortality risk factor.(24;25)
While older blood may have an impact, it is not discernable from the effects of severe
injuries and the relatively large volume of blood transfused in our study.

Our second finding is notable and is the focus of our study. We observed that the amount of
older transfused blood was associated with complicated sepsis. In contradistinction to the
situation with mortality, the amount of older blood, rather than simply the total amount of
blood, is an important transfusion related factor that is associated with more serious
infections. The association between the transfusion of older blood and complicated sepsis
that we observed is consistent with the existing literature and suggests that the
immunomodulatory effect of the allogeneic blood is influenced by the duration of storage.
(11;22) Trauma patients are at high risk for nosocomial infection. They are often colonized
with a broad range of potentially pathogenic organisms and their normal defense
mechanisms are breeched by intravascular catheters, endotracheal tubes and other
monitoring devices. Suppression of innate immune responses by allogeneic blood may
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contribute to the development of nosocomial infection and their severity. Our observations
suggest that older blood may contribute to this risk to a greater degree than younger blood
and that the risk is not linearly related to the number of older units. It appears that the risk is
primarily limited to when the cumulative amount of older blood is > 7 units of PRBCs (the
highest quartile of older units transfused in our study). This observation was not based upon
a pre-defined hypothesis, but was a function of our categorization of the amount of older
blood transfused. Our data suggest that repeated exposure to older units may render patients
more susceptible to severe infections. Sepsis accompanied by organ failure or shock is a
relevant complication after trauma and is related to other objective outcomes. First, patients
in our study who developed complicated sepsis had approximately twice the case-fatality
rate as those without complicated sepsis (21% versus 11%). In addition, patients with
complicated sepsis spent longer in the ICU than patients without complicated sepsis (a
median of 18 days versus 5 days).

Reducing the amount of older blood that a patient receives can be achieved first by reducing
the total amount of blood transfused. It is clear that accepting a lower hemoglobin threshold
(7g/dl) in critically ill patients without active hemorrhage reduces the amount of blood
transfused and improves outcomes.(14;25) Our study subjects were generally managed
according to this approach once they had been resuscitated and were hemodynamically
stable. In fact, a very small proportion of the blood transfused in this study was given after
the initial 48 hours of injury. Our data therefore reinforce the notion that the potential
benefit of each transfusion must be carefully assessed. Beyond reducing amount of blood
transfused overall, specifically limiting the amount of older blood may be important.
Perhaps blood banks should consider limiting the amount of older blood that is given to
individual trauma patients over the course of their hospitalization. Such a recommendation
has broad implications and we recognize that such a change in blood banking practice would
have a considerable impact on blood availability. The results of a recent review of this topic
are consistent with our observations.(26) These authors reviewed 27 publications that
reported on associations between the age of transfused blood and outcomes in adults. They
felt that there was too much heterogeneity among the studies to allow for a formal meta-
analysis. They concluded that in most of the clinical settings examined there was no
relationship between the storage duration of blood and morbidity or mortality. They did note
that trauma patients undergoing large volume transfusions may be negatively affected by
receiving older blood.

Our observations must be interpreted in the context of the limitations of our data. The
patients at the highest risk of mortality and complicated sepsis received a combination of
older and younger blood. A total of 166 patients received exclusively younger blood and
only 54 of these received more than 3 units in total. The small number of patients receiving
exclusively older or exclusively younger blood do not allow us to conduct an analysis
comparable to Koch et al. who were able to compare patients who received exclusively
older blood with those receiving exclusively younger blood.(11) That most of our patients
received a combination of younger and older blood may explain why we did not observe a
measurable association between older blood and mortality. Ultimately, determining whether
longer periods of blood storage lead to observable complications is challenging and perhaps
can only be definitively addressed by a randomized clinical trial.

In the absence of a clinical trial, our data indicates that the risk of complicated sepsis is
related to the amount of older blood that a patient receives. We believe that strategies
limiting the amount of older blood that an individual patient receives to fewer than 7 units
should be considered.
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Figure 1. Study subject inclusion

1,958 patients were enrolled and of those, 820 received at least one unit of PRBCs during
the 15t 24 hours of admission. These patients were then analyzed for outcomes of interest —
complicated sepsis and death. All blood transfused during the hospitalization was analyzed.
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Shown in this figure are the total number of units of PRBCs transfused (left y-axis) and the

number of patients diagnosed with sepsis (right y-axis) on each post-injury day (x-axis).
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Figure 3. Mortality and infection outcome for entire cohort

Figure 3a: Patients who died received significantly more units overall as well as a greater
number of units of older blood. (p < 0.001 for total transfusions and p = 0.004 for older
blood, both by Mann-Whitney-U test). Figure 3b: Similarly, patients who developed
complicated sepsis received more blood overall and more units of older blood. (p < 0.001 for
total PRBCs and p = 0.004 for older blood by Mann-Whitney-U test)
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Table 1

Demographic, Injury and Outcome Characteristics

Age (years) 40 (24-52)
Sex

Male 553 (67%)

Female 267 (33%)
Race/Ethnicity

Caucasian 622 (76%)

African-American 62 (8%)

Hispanic 56 (7%)

Asian 45 (6%)
Injury Severity Score 27 (18-34)
Severe Traumatic Brain Injury | 359 (44%)
Severe Thoracic Injury 418 (51%)
Severe Abdominal Injury 256 (31%)
Severe Extremity Injury 374 (46%)
Injury Mechanism

Blunt 726 (89%)

Penetrating 94 (12%)
Interventions
Laparotomy 212 (26%)
Thoracotomy/Thoracoscopy 101 (12%)
Fracture Fixation 415 (51%)
Outcomes
Complicated Sepsis 244 (30%)
Died 117 (14%)
ICU length of stay (days) 7 (3-14)
Hospital length of stay (days) 16 (9-25)
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These data are for the 820 patients who were transfused within 24 hours of hospital admission. Continuous data are presented as medians (25th -

75th percentile) and categorical data are indicated as total for the entire cohort (percentages). Severe traumatic brain, thoracic, abdominal, and
extremity injuries refer to the number of patients with AIS scores > 3 in the indicated body region.
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Table 2

Transfusion Characteristics

Pre-transfusion hematocrit (%) 20 (19-22)
Total units transfused 6 (4-11)
Units transfused in 1t 24 hrs 4(2-7)
Units transfused after 24 hrs 2 (0-4)

Age of all blood transfused (days) | 17 (11-23)

Units of older blood 3(2-7)

All values indicated are medians (interquartile ranges).
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Table 3

Unadjusted Analysis of Factors Associated with Mortality

Variable Lived (n=703) | Died (n=117) | p-value
Patient age (years) 38 (23 -50) 49 (26 - 73) <0.001
Traumatic brain injury AIS >3 | 283 (40%) 76 (65%) <0.001
Injury severity score 26 (17 - 34) 29 (22-38) <0.001
Base deficit 5(33-38) 8(4-12) <0.001
Number of older units 3(2-6) 5(2-9) 0.004
Total number of units 6 (3-10) 9(5-19) <0.001
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Table 4
Risk Factors for Death

Variable 8?:81/(8) gzg(f)idence Interval) | P~ value
Patient age > 55 years 3.7(24-5.9) <0.001
Traumatic brain injury AIS>3 | 3.4(22-5.4) <0.001
Base deficit 15(1.2-1.8) <0.001
Number of older units 09(0.7-1.2) 0.69
Total number of units 14(1.1-19) 0.007
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The data are the result of forward stepwise logistic regression analysis in which the indicated variables remained in the final model. Continuous
data are categorized into quartiles as follows: Base deficit: 0 — 3.1, 3.2 - 5.6, 5.7 — 8.9, > 9. Number of older units: 0-1,2-3,4-6, > 7. Total
number of units: 1 -3,4 -6, 7 - 11, > 12. The total number of units of PRBCs transfused was associated with mortality but the number of older

units was not.
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Table 5

Unadjusted Analysis of Factors Associated with Complicated Sepsis

Variable No complicated | Complicated p — value
sepsis (n =576) | sepsis (n = 244)
Patient age (years) 37 (22 - 49) 45 (27 - 61) <0.001
Traumatic brain injury AIS >3 | 255 (44%) 104 (43%) 0.68
Chest AIS > 3 272 (47%) 147 (60%) 0.001
Injury severity score 25(17-34) 27 (22-34) <0.001
Base deficit 5(33-38) 6 (3-10) 0.003
Number of older units 3(1-5) 6 (2-10) <0.001
Total number of units 5(3-9) 9(6-17) <0.001
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Table 6
Risk Factors for Complicated Sepsis

Variable 8%531/?) E?);I(f)idence Interval) | P~ value
Patient age > 55 years 22(15-32) <0.001
Male 15(1.1-2.2) 0.02
Injury severity score 1.3(1.1-1.4) 0.002
Total units transfused 15(1.2-1.8) <0.001
Number of older units transfused 0.01
2 - 3 units 0.9 (0.5-1.4) 0.52
4 - 6 units 1.0 (0.6 - 1.6) 0.87
> 7 units 19(1.1-34) 0.03
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The data are the result of forward stepwise logistic regression analysis in which the indicated variables were retained in the final model. Continuous
data are categorized as follows: ISS: 4 — 17, 18 — 26, 27 — 33, > 34. Total number of units: 1 -3, 4 -6, 7 — 11, > 12. After adjustment for total

number of units of PRBCs transfused, the number of older units was an independent risk factors for complicated sepsis.
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