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Abstract

Background—Massive exchange-transfusion of 42-day-old red blood cells (RBCs) in a canine 

model of S. aureus pneumonia resulted in in vivo hemolysis with increases in cell-free hemoglobin 

(CFH), transferrin bound iron (TBI), non-transferrin bound iron (NTBI), and mortality. We have 

previously shown that washing 42-day-old RBCs before transfusion significantly decreased NTBI 

levels and mortality, but washing 7-day-old RBCs increased mortality and CFH levels. We now 

report the results of altering volume, washing, and age of RBCs.

Study Design and Methods—Two-year-old purpose-bred infected beagles were transfused 

with increasing volumes (5-10, 20-40, or 60-80 mL/kg) of either 42- or 7-day-old RBCs (n=36) or 

80 mL/kg of either unwashed or washed RBCs with increasing storage age (14, 21, 28, or 35 days) 

(n=40).

Results—All volumes transfused (5-80 mL/kg) of 42-day-old RBCs, resulted in alike (i.e., not 

significantly different) increases in TBI during transfusion as well as in CFH, lung injury, and 

mortality rates after transfusion. Transfusion of 80 mL/kg of RBCs stored for 14, 21, 28 and 35 

days resulted in increased CFH and NTBI in between levels found at 7 and 42 days of storage. 

However, washing RBCs of intermediate ages (14-35 days) does not alter NTBI and CFH levels 

or mortality rates.
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Conclusions—Preclinical data suggest that any volume of 42-day-old blood potentially 

increases risks during established infection. In contrast, even massive volumes of 7-day-old blood 

result in minimal CFH and NTBI levels and risks. In contrast to the extremes of storage, washing 

blood stored for intermediate ages does not alter risks of transfusion or NTBI and CFH clearance.

Introduction

Blood transfusion is the recognized treatment of severe hemorrhage with shock. To optimize 

inventory management, the oldest compatible units are selected for transfusion (“first in, 

first out”).1,2 During refrigerated storage of red cells (RBCs), a series of structural, 

metabolic and functional changes occur that are collectively referred to as the “storage 

lesion.” 3 Although RBCs stored up to 42 days meet current Food and Drug Administration 

(FDA) criteria for licensure;1,4 laboratory,3,5-8 preclinical9-14 and observational clinical 

studies15-21 have raised concerns regarding the safety and efficacy of older stored RBCs. 

Several large multi-center randomized controlled trials (RCTs) have been completed or are 

ongoing to compare the use of “fresh” RBCs with the current transfusion practice.22-26 

However, these trials are not designed to evaluate RBCs at the end of their shelf life. The 

mean age of transfused RBCs in the United States is only 17.9 days2 and, for ethical 

reasons, the oldest stored units cannot be selected intentionally for a clinical trial. The 

RCTs22-26 published so far have acknowledged they were not powered to evaluate RBCs 

transfused at 35 days of storage or older, and further indicate they can not address the 

possibility that subpopulations of their patients may be particularly vulnerable to the adverse 

consequences of prolonged red-cell storage.

To study the effects of the oldest versus freshest blood in an experimental setting, human 

volunteers,27-29 murine10,11 and canine9,30,31 models of transfusion have been employed. 

The canine model is particularly useful since veterinary blood bank practices are similar to 

clinical practices, are US government regulated, and permit RBC storage for up to 42 

days.32,33 In previous studies, commercially available canine universal donor RBCs at the 

end of the storage period were associated with in vitro and in vivo hemolysis, resulting in 

increased release of cell-free hemoglobin (CFH), transferrin bound iron (TBI), and non-

transferrin bound iron (NTBI).9,30,31 During experimental S. aureus pneumonia causing 

septic shock, massive exchange-transfusion with 42-day-old stored RBCs profoundly 

increased lung injury and mortality in comparison to 7-day-old stored RBCs. In contrast, 

older RBCs did not increase these risks during hemorrhagic shock or in normal uninfected 

control animals.30 During septic shock, washing older RBCs prior to transfusion 

significantly decreased NTBI levels and improved lung injury and survival rates.31 

Surprisingly, washing very fresh RBCs resulted in worsened outcomes associated with 

increased in vivo release of CFH.31 Taken together these findings suggest that older 

transfused RBCs increase risks specifically during established infection.

Several important concerns regarding the effects of older blood transfusion during infection 

remain unresolved. It is unclear whether a critical volume or specific age of stored blood is 

necessary to increase transfusion risks or at what age of storage washing RBCs prior to 

transfusion changes from harmful, as seen at week one of storage, to beneficial, as seen at 
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the sixth storage week. Here, we present a series of experiments designed to answer these 

questions.

Methods

The two experiments described below were conducted under two different protocols 

approved by the Animal Care and Use Committee of the Clinical Center at the National 

Institutes of Health.

In these experiments numerous combinations of age and volume of stored blood were 

possible to study the effects of increasing volume and/or age of blood on outcomes. To 

minimize animal use and still find effects, we studied the extremes of combinations of age 

and volume. In the first set of experiments, employing the oldest and potentially most toxic 

RBCs, we examined smaller transfused volumes to determine whether or not the increased 

risks of older RBCs during infection required massive transfusion. In the second set of 

experiments we transfused only massive volumes of different ages of younger stored RBCs, 

potentially less toxic, to evaluate if the harmful effects during massive transfusion of older 

RBCs would disappear with RBCs stored for shorter durations. A detailed description of the 

experimental procedures employed and statistical methods can be found in the online 

SUPPLEMENTAL METHODS and in our previous published studies using the canine S. 

aureus pneumonia-induced sepsis model.9,31,34

Protocol one: Altering volume of transfused older versus fresher stored RBCs during 
infection

Thirty-six purpose-bred beagles (12 to 28 months old, 9 to 12.5 kg) with experimental S. 

aureus pneumonia were exchange-transfused either 7- or 42-day-old canine universal donor 

stored blood (DEA 1.1 ABRINT, Dixon, CA) at increasing volumes: 5-10 (n=12), 20-40 

(n=12), or 60-80 mL/kg (n=12). For nine consecutive weeks, four of the 36 animals were 

randomized to receive one of two different volumes from 5-80 ml/kg of 7- or 42-day-old 

blood and followed for 96h or until death. All animals, similar to subjects with pneumonia in 

an intensive care unit, received antibiotics, fluids, vasopressors, mechanical ventilation, and 

sedation titrated to physiologic endpoints. All animals were treated identically except for the 

age and the volume of the stored blood transfused.

Protocol two: Altering storage age of transfused washed and unwashed RBCs during 
infection

Using the same S. aureus pneumonia model with intensive care unit support, 40 animals 

were exchange-transfused washed or unwashed blood (80 mL/kg divided in four 20 mL/kg 

exchange-transfusions) stored for either 14 (n=14), 21(n=12), 28 (n=8) or 35 days (n=6). We 

hypothesized that the harmful effects of washing seen in previous experiments with 7-day-

old blood would likely disappear with very little added storage time. Therefore, in order to 

minimize animal use, we designed the study so that a smaller number of animals were 

allocated to study as blood storage age increased from 14 to 35 days. For ten consecutive 

weeks, four of the 40 animals were studied. During each study week two of the four study 

animals were randomized to receive washed or unwashed blood at one of the four storage 
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ages studied (14, 21, 28 or 35 days) while the other two animals received washed and 

unwashed blood at another of the four storage ages studied.

Results

Altering the volume of transfused older versus fresher stored blood

Survival—Mortality increased in transfusions with older RBCs compared to fresher RBCs 

similarly for all volumes of blood studied (5-80 mL/kg) (p>0.70 for similar survival effect of 

older versus fresher RBCs across all volumes transfused), though the trends did not reach 

statistical significance for the individual volumes. Combined across all volumes studied, 

there was a significant increase in mortality with older compared to fresher RBC transfusion 

(Figure 1, panel II, p=0.05). This increase in mortality with older RBCs is consistent with 

previous studies using the same sepsis model of exchange-transfusion with large volumes of 

transfused RBCs (80 mL/kg) (Figure 1, panel III, p=0.0001, previously published 

studies).9,31 The animals from previous studies receiving 80 mL/kg were combined with 

those in the present study receiving larger volumes (60-80 mL/kg) to calculate hazard ratios 

of the total experience using this model at different transfusion volumes. As shown in Figure 

1, panel IV; based on all animals studied to date, there were no significant differences in the 

hazard ratio of death for animals receiving a small (5-10 mL/kg), medium (20-40 mL/kg) or 

large volume of RBC transfusion (60-80 mL/kg) (p>0.70 for similar increase in mortality of 

older versus fresher blood across volumes transfused).

Lung injury—We evaluated the effect of 42- versus 7-day-old RBC transfusion on the 

alveolo-arterial oxygen (AaO2) gradient 24 h after bacterial challenge (Figure 2). The AaO2 

gradient is a measure of lung injury; higher values correspond to worse gas exchange and 

therefore a higher degree of injury. At all volumes of blood studied, the increase in AaO2 

with older versus fresher RBCs was statistically significant and did not differ significantly 

across different transfused volumes (p=0.84 for similar difference between older versus 

fresher RBC across all volumes studied). Overall, older blood transfusion significantly 

increased the AaO2 compared to fresher blood (p=0.04) (Figure 2).

Cell-free hemoglobin (CFH), transferrin bound iron (TBI) and non-transferrin 
bound iron (NTBI) plasma levels—We determined plasma levels of CFH (Figure 3), 

TBI, and NTBI (Figure 4) during transfusion (7 h after bacterial inoculation) and 10 h after 

transfusion (24 h after bacterial inoculation). During transfusion at 7 h there was a 

significantly smaller increase in CFH levels between older and fresher RBCs at lower (5-10 

mL/kg) compared to higher volumes (20-80 mL/kg) of blood transfused (p=0.03 for 

interaction) (Figure 3A). However, even after transfusing only 5-10 mL/kg, there was a 

greater increase in CFH levels with older compared to fresher RBCs at 7 h (p=0.054). Ten 

hours after transfusion (24 h after bacterial challenge), CFH levels continued to increase 

regardless of the age of transfused RBCs (Figure 3B). However, by this time, the differences 

in CFH levels between older and fresher RBCs transfused were only marginally greater as 

volumes transfused increased (5-80 mL/kg, p=0.10 for interaction). Older blood resulted in 

higher CFH levels over all volumes transfused at this time point (p<0.0001) (Figure 3D).
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During transfusion at 7 h, in contrast to CFH, TBI levels in fresh and old blood increased to 

a similar degree at all volumes studied (p=0.42 for similar effect over volumes transfused) 

and overall, levels were significantly increased from baseline (p<0.0001) (Figure 4A). Even 

after the transfusion of only 5-10 mL/kg of blood at 7h, older RBCs produced increased TBI 

levels in comparison to fresher RBCs (p=0.055). In contrast, differences in NTBI levels 

during transfusion between older and fresher transfused RBCs were significantly increased 

more as the volume of transfused blood increased (p= 0.009) (Figure 4B).

At 10 h after transfusion, compared to during transfusion, there was also a significantly 

different effect of older versus fresher RBCs on TBI levels across the different volumes of 

transfused blood (5-80 mL/kg) (p=0.007 for interaction, Figure 4C). At the lower volumes 

of older versus fresher transfused blood (5-10 mL/kg), TBI levels had decreased 

significantly more than after transfusion of higher volumes (20-80 mL/kg) (Figure 4C). 

NTBI levels at 10 h after transfusion in comparison to during transfusion were very low 

regardless of age of stored blood across all volumes, but at all volumes older versus fresher 

RBCs produced a small but significant increase in NTBI levels (p=0.03) (Figure 4D).

Altering the storage age of washed blood before transfusion

Survival—We previously found that washing units just prior to transfusion had 

significantly different and opposite effects if the washed RBCs were 42- versus 7-day-old.31 

Canine survival from septic shock was improved when the oldest RBCs were washed, but 

worsened after washing the freshest units. Here, we studied the effect of washing stored 

RBCs between these two extremes (14, 21, 28, and 35 days). By 14 days of blood storage, 

the harmful effect of washing blood is no longer apparent; survival rates in animals 

receiving washed and unwashed blood are similar. The Kaplan–Meier survival curves 

overlap multiple times (Figure 5, panel IA). At 21 days of storage, separation begins to 

appear between washed and unwashed transfused RBCs on the Kaplan-Meier plots showing 

that washing improves survival compared to unwashed blood (Figure 5, panel IB). With 

increasing ages of blood (by 28 and 35 days of storage), we did not find statistically 

significant differences in survival between washed and unwashed units (Figure 5, panel IC 

and ID). Similarly we did not find statistically significant survival differences between 

washed and unwashed RBCs across the four intermediate storage times.

We combined all animals receiving washed or unwashed stored blood across all storage ages 

employed in this study in order to compare the effect of washing in these intermediate ages 

(14, 21, 28 and 35 days) of storage to the effects previously seen with 7- and 42-day-old 

blood (Figure 5, panel II).31 The hazard ratio of death for animals receiving washed versus 

unwashed RBCs significantly decreased more with older ages of stored of blood as follows: 

mortality improved with washed compared to unwashed RBCs at 42-days of storage more 

than with 14- to 35-day-old stored transfused RBCs, and with 14- to 35-day-old stored 

RBCs mortality improved more with washing than with 7-day-old stored transfused RBCs 

(p=0.03, for ordered effect) (Figure 5, panel III).

Cell-free hemoglobin (CFH) and non-transferrin bound iron (NTBI) plasma 
levels—We evaluated the effects on CFH and NTBI levels (Figure 6) of washing RBCs 

Cortés-Puch et al. Page 5

Transfusion. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



prior to transfusion at these time points in the storage period from 14-35 days and then 

compared them to levels at 7 and 42 days (previously published).31

Washing RBCs stored for 14, 21, 28, or 35 days prior to transfusion had no significant effect 

on the levels of CFH produced after transfusion (48 h after S. aureus challenge, p=0.30, 

0.70, 0.45, 0.75) (Figure 6A). Moreover, after combining levels across all these storage ages, 

there was still no significant difference in plasma CFH levels produced comparing washed 

versus unwashed stored transfused RBCs (p=0.43). However, the effect of washing RBCs 

stored for only 7 days significantly increased CFH levels not only in comparison to washing 

42-day-old stored RBCs as previously reported, but also after washing RBCs stored for 

14-35 days, as found in this study (p<0.006) (Figure 6A). Only with the freshest 7-day-old 

stored RBCs did washing markedly increase hemolysis and CFH plasma levels.

Similarly, washing RBCs stored for 14, 21, 28 or 35 days had no significant effect on NTBI 

levels, and there were no significant differences in plasma NTBI levels during transfusion of 

washed versus unwashed RBCs after combining all these intermediate storage ages (Figure 

6B, p=0.78, 0.82, 0.43, 0.64). However, during transfusion, washing decreased NTBI levels 

significantly not only at 42 days of storage in comparison to 7-day-old blood, as previously 

reported, but also in comparison to 14-35 days of storage (p=0.01) (Figure 6B). A significant 

decrease in NTBI plasma levels was observed only after washing the oldest units of RBCs.

Washing RBCs prior to transfusion appears to be increasingly beneficial as storage age and 

NTBI levels increase, in an ordered fashion (i.e. oldest RBC storage times and highest NTBI 

levels > intermediate RBC storage times and intermediate NTBI levels > freshest RBCs with 

very low NTBI levels, p=0.03 for ordered beneficial survival effect). However, the benefit 

of washing may only be clinically significant at the end of the storage period when NTBI 

levels are markedly elevated and washing has been shown to significantly lower these toxic 

levels.31

Discussion

In our canine septic shock model, we previously evaluated the effect of exchange-

transfusion of 80 ml/kg of 42- or 7-day-old blood, equivalent to more than 10 units of 

packed RBCs in humans. Here, we sought to determine whether smaller volumes of older 

stored RBCs would produce similar results. We found that volumes clinically equivalent to 

the commonly transfused one to two units of older RBCs, led to increases in iron and CFH 

levels; these were associated with increases in lung injury and mortality comparable to those 

seen with the larger transfused volumes. Five to 10 ml/kg of older blood delivered sufficient 

iron to saturate the physiologic iron chaperone, transferrin. This was evidenced by increases 

in TBI with detectable levels of NTBI after transfusing these smaller volumes of RBCs.

With volumes of RBCs comparable to 5-10 units of packed RBCs in humans, older blood 

induced increases in TBI levels after transfusion similar to those seen after transfusing the 

equivalent to only 1-2 units of blood. In contrast, NTBI levels increased in a dose-dependent 

fashion with increasing volumes of older blood transfused. Our findings are most consistent 

with the notion that, in situations of intravascular hemolysis, iron will be bound initially by 
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transferrin until saturation of the binding capacity. Further release of iron will be detectable 

as free NTBI.35 In our study, older blood in volumes commonly used clinically was 

sufficient to saturate transferrin and produce detectable mean increases in NTBI. Further, 

CFH levels after transfusion of the smaller volumes of older versus fresher RBCs, were 

increased but significantly lower than levels observed with the larger volumes. However, by 

20h after transfusion, these increases in CFH levels were not significantly different over all 

volumes transfused. Thus, similar increases across all volumes in TBI levels during 

transfusion and in CFH levels after transfusion can account for increased lung injury and 

mortality regardless of the volume of older RBCs transfused.

Our results are consistent with human volunteers data in which transfusion of a single unit of 

older stored RBCs led to a significant increase in serum NTBI and transferrin saturation.27 

These increases in iron levels with older blood were detectable for 24 hours but were not 

associated with clinical adverse effects. Similarly, in healthy canines transfused with 

massive amounts of 42-day-old RBCs, we found markedly increased NTBI levels greater 

than those seen in infected animals, but these increases were not associated with clinical 

injury.30 In the presence of established infection in canines, the increases in plasma iron 

levels were cleared significantly faster from plasma and this was associated with increased 

lung injury and septic shock mortality, potentially reflecting increased bacterial growth and 

infection severity.30 These pathogens have evolved mechanisms to acquire this necessary 

nutrient for growth not only as free NTBI, but also from transferrin and other iron binding 

proteins36,37 and by releasing siderophores.38,39

Taken together, our results suggest that, during established infection, there is no safe volume 

of 42-day-old blood because even the modest volumes administered clinically can increase 

iron and CFH levels. Murine models have shown that excess iron, delivered in comparable 

quantities by either older blood transfusion or in the form of iron dextran, can exacerbate 

established bacterial infections, significantly increasing lethality.14 Similarly, in a murine 

model of S. aureus pyelonephritis intramuscular iron markedly aggravated the infection.40 

Moreover, data from human observational studies suggest that older blood may not only 

worsen established infection but also, in larger volumes, increase the risk of infection. In 

populations at risk of infection, increasing volumes of older blood transfusion appear to be 

associated with an increased risk of complicated sepsis41 and mortality.20 Similar findings 

derive from studies evaluating exclusively the use of iron. In a study of newborns, routine 

administration of intramuscular iron dextran was associated with a significantly higher 

incidence of neonatal sepsis that subsequently dropped after eliminating iron 

supplementation practices.42 A recent meta-analysis suggests that liberal transfusion 

practices increase the incidence of serious health-care associated infections in comparison to 

more restrictive strategies, in which less volume of blood (and likely less old blood and 

possibly less iron) is transfused.43 Increased CFH levels alone are also associated with a 

worse outcome in patients with septic shock44 and increased CFH levels which may occur 

with transfusion of older blood during established infection are another source of iron as 

well as a recognized cause of NO scavenging7,45 and oxidative reactions.46

Although transfusion of the equivalent of only 1-2 units of 42-day-old blood led to 

transferrin saturation and release of NTBI as well as substantial increases in CFH, massive 
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amounts of fresh 7-day-old RBCs (equivalent to >10 units of blood) produced no increase in 

NTBI as well as very low levels of CFH. Additionally, massive amounts of 7-day-old RBCs 

appeared to increase the risks of transfusion less than any of the other combinations of ages 

and volumes of transfused RBCs studied (Figures 5-7). During massive transfusion, blood 

stored for 14-35 days, led to similar more substantial increases in NTBI levels. However, it 

was only after transfusion of 42-day-old stored blood that a significant lowering of NTBI 

levels with washing was observed. We previously found that washing these oldest units of 

stored blood prior to transfusion could improve outcomes during infection by reducing the 

amount of iron delivered after transfusion.31 Here, we found that washing RBCs units of 

intermediate storage ages (14-35 days old) had no substantial effect on NTBI or CFH levels. 

Consistent with this observation, we did not find a significant effect on survival even when 

all intermediate storage ages were combined. In contrast, washing 7-day-old stored blood, 

where no excess in NTBI is produced, increases in vivo hemolysis and release of CFH, 

causing worse survival and lung injury.

It is difficult to determine from these data exactly when during the 6 weeks of RBC storage 

transfusion becomes associated with markedly increased risks during infection. However, 

with 7-day-old stored blood, even after transfusing massive quantities, there were very low 

NTBI and CFH levels as well as low mortality rates (18%, 1 of 6 animals died) (Figure 7) 

compared to RBCs at all other storage times studied. After transfusion of massive amounts 

of RBCs stored for longer times (14, 21, 28, 35, or 42 days), NTBI levels were always much 

greater and mortality rates were always nominally higher than with only 7 days of storage 

(i.e., mortality rate at or above 66% at each storage time >7 days, with a total of 44 animals 

studied). Thus, potential risks of blood as it ages appear to occur in situations of severe 

established infection, in which iron and CFH may be critically important and an excess can 

tip the balance in favor of bacterial growth. Taken together, these preclinical data suggest 

the safest blood for transfusion in severe bacterial infections is 7-day-old blood, which 

releases minimal levels of iron and lowest CFH levels even after transfusing massive 

amounts. Consistent with these results, data from human observational studies in which 

patients were divided according to weeks or quartiles of storage age of the units transfused, 

show a trend to progressive worsening of outcomes with increasing storage age.47-49 

Moreover, significant harmful effects were only documented with the oldest units in these 

studies.

We recognize our findings have limitations. We do not have direct evidence that bacterial 

growth is enhanced with the excess free iron delivered by any volume of transfused older 

blood. Further, it is possible that these findings would change if a different type of bacterial 

challenge or even a different strain of S. aureus were employed. Our experimental model of 

exchange-transfusion is designed as a toxicity study and potentially pathophysiologically 

different to transfusion during anemia. Canine RBCs are also not identical to human. Canine 

RBCs may experience proportionally more damage during storage than do human RBC and, 

thus, extrapolation of our results to human transfusion practices must be done with caution. 

We previously showed that 42-day-old canine RBCs had less than 1% hemolysis in the bag 

and 60% survival 24 hours after transfusion. These values are within the low end of the 

range expected of stored human RBCs in clinical practice.50 However, even if canine 42-
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day-old blood is slightly less fit, in these experiments we studied all the storage ages 

between 7 and 42 days and we found similar levels of plasma iron after transfusion of 42-

day-old compared to 14- to 35-day-old blood. Moreover, we studied the extremes of age and 

volume transfused and did not study all combinations possible and any of the combinations 

not studied could produce unexpected results different from the findings reported here. 

Animals transfused with washed and unwashed 7- and 42-day-old were not studied 

concurrently with the intermediate ages of blood. However, while small variations in the 

experimental conditions over time may potentially affect the comparisons across transfused 

blood of increasing ages, they should not affect the comparisons of washed verses versus 

unwashed blood at a given storage age, as these were reported as differences from a 

contemporaneous control. In addition, we cannot rule out that this released iron is worsening 

outcomes through other mechanisms such as generation of reactive oxygen species or 

impairing the host's immune response. However, the potential of NTBI to convert non-lethal 

bacterial infections into lethal ones has already been proven.14

In conclusion, these studies indicate that, during established infection, any volume of 42-

day-old blood may enhance bacterial growth, organ injury, and mortality. Even a volume 

equivalent clinically to 1-2 units of old blood produces increases in CFH and substantial iron 

release that saturates normal physiologic transport mechanisms leading to increases in NTBI 

and worsened outcomes. During infection, the safest blood for transfusion appears to be 7-

day-old RBCs. Transfusion of fresh blood, even in massive volumes, does not result in 

increases in levels of iron and results in very low CFH levels associated with substantially 

lower mortality rates during infection than transfused RBCs stored for 2-6 weeks. Whereas 

previous studies suggested that washing 7-day-old RBCs may be deleterious, washing RBC 

units stored for 14-35 days does not decrease iron or CFH levels and does not affect 

outcomes. The effect of washing RBC units prior to transfusion is beneficial when applied to 

blood at the end of the storage period, when the oldest RBCs are present and washing 

increases clearance of NTBI. These preclinical data suggest that RBCs at the end of their 

storage life-span should not be used for transfusion of infected subjects or, if no other option 

exists, they should be washed prior to transfusion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Survival rates with increasing volume of older versus fresher transfused blood
Panel I: Kaplan-Meier plots over the 96-hour study comparing 42- (solid line) and 7-day old 

blood (dashed line) at increasing volumes of transfusion (5-10, 20-40 and 60-80 mL/kg, 

Panel A, B and C respectively). The p-value above the plots indicates there was no 

significantly different effect of older versus fresher blood across all volumes of blood 

transfused. Panel II: Kaplan-Meier plot combining all volumes transfused shown in panel I 

(5-80 mL/kg) of 42- and 7-day old blood. Panel III: Kaplan-Meier plot showing our 

complete previous experience comparing 42- and 7-day old blood transfusion with massive 

volumes transfused (80 mL/kg). Panel IV: Hazard ratios of death (with 95% confidence 

intervals) for 42- versus 7-day old blood at different volumes of transfusion. Animals from 

previous experiments transfused with 80 mL/kg of older and fresher blood are included in 

the 60-80 mL/kg group. The p-value to the right of the hazard ratios indicates there was no 

significantly different effect of older versus fresher blood across all volumes of blood 

transfused.
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Figure 2. Alveolo-arterial oxygen (AaO2) gradient 24 hours after bacterial challenge with 
increasing volumes of 42- versus 7-day old blood transfused
Bar graphs comparing the mean (±SE) change from baseline of AaO2 gradient 24 hours 

after bacterial challenge (10 hours after transfusion) with 42- (black bars) and 7-day old 

(open bars) blood at increasing volumes of transfusion (5-10, 20-40 and 60-80 mL/kg). The 

differences between older and fresher blood are similar over all volumes (p=0.84 for 

interaction). The p-value above the bars denoted by an asterisk indicates a significant overall 

effect of older versus fresher blood across all volumes of blood transfused.
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Figure 3. Changes from baseline in Cell-free hemoglobin (CFH) plasma levels (4h after bacterial 
challenge, immediately pre transfusion) to during (7 h after bacterial challenge) and 10 h after 
transfusion (24 h after bacterial challenge) with increasing volumes of 42- versus 7-day old blood 
transfused
Bar graphs comparing the mean (±SE) log 10 based change from baseline of CFH plasma 

levels with 42- (black bars) and 7-day old (open bars) blood at increasing volumes of 

transfusion (5-10, 20-40 and 60-80 mL/kg) at 7 hours (during transfusion, panel A) and 24 

hours (10 h after transfusion, panel B) after bacterial challenge. P-values are denoted by 

asterisks and represent (*) the differences between transfused older and fresher stored blood 

are significantly different over the volumes of transfused blood (5-80 mL/kg) and (**) the 

differences between transfused older and fresher stored blood are similar over all volumes of 

transfused blood (5-80 mL/kg), and overall statistically significantly increased with older 

blood. Baseline mean (±SE) values in μM are provided in Supplemental Table 1 to evaluate 

the origins of the above log base 10 changes plotted.
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Figure 4. Changes from baseline in Transferrin bound iron (TBI) and non-transferrin bound 
iron (NTBI) plasma levels to during (7 h after bacterial challenge) and 10 after transfusion (24 h 
after bacterial challenge) with increasing volumes of 42- versus 7-day old blood transfused
Bar graphs comparing the mean (±SE) log 10 based change from baseline of TBI plasma 

levels with 42- (black bars) and 7-day old (open bars) blood at increasing volumes of 

transfusion (5-10, 20-40 and 60-80 mL/kg) at 7 h after infection (during transfusion, panel 

A) and 24 hours after bacterial challenge (10 h after transfusion, panel C). NTBI plasma 

levels are represented in a similar fashion in panels B and D. P-values are denoted by 

asterisks and represent (*) the differences between transfused older and fresher stored blood 

are significantly different over the volumes of transfused blood (5-80 mL/kg) and (**) the 

differences between transfused older and fresher stored blood are similar over all volumes of 

transfused blood (5-80 mL/kg), and overall statistically significantly increased with older 

blood. Baseline mean (±SE) values in μM are provided in Supplemental Table 1 to evaluate 

the origins of the above log base 10 changes plotted.
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Figure 5. Survival rates with increasing age of unwashed versus washed transfused blood
Panel I: Kaplan-Meier plots over the 96-hour study comparing unwashed (solid line) and 

washed red blood cells (dashed line) at increasing ages of blood storage (14, 21, 28, and 35 

days, A, B, C and D respectively). The volume of blood transfused was 80 mL/kg for all 

animals. Panel II: Kaplan-Meier plots comparing unwashed and washed blood stored for 7 

and 42 days (A and C respectively, previously published) and for the combination of all the 

intermediate ages represented in panel I (14 to 35 days. Panel III: Hazard ratios of death 

(with 95% confidence intervals) for washed versus unwashed blood at different volumes of 

transfusion.
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Figure 6. Changes from baseline in Cell-free hemoglobin (CFH) (4h after bacterial challenge, 
immediately pre transfusion) to 48h after bacterial challenge 34 h after transfusion and non-
transferrin bound iron (NTBI) plasma levels 13h after bacterial challenge during infection with 
increasing ages of unwashed versus washed blood transfused
Panel A: Bar graphs comparing the mean (±SE) log based 10 change from baseline of CFH 

plasma levels after transfusion of 80 mL/kg of unwashed (black bars) and washed (open 

bars) blood of increasing storage age (7, 14-35 and 42 days). In the insert, the log based 10 

changes in CFH levels at the individual storage ages of 14, 21, 28 and 35 days are plotted. 

The differences between washed and unwashed blood were not significantly different across 

all this intermediate storage ages and thus, were combined for comparison to 7 and 42 days 

of storage. Panel B uses the same format as that of panel B, except now NTBI levels during 

transfusion are plotted in the y-axis. P-values are denoted by asterisks and represent (*) the 

effect of washing on cell-free hemoglobin levels is significantly different at 7 days of 

storage compared to 14 to 35 days of storage and (**) the effect of washing on non-

Cortés-Puch et al. Page 18

Transfusion. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transferrin bound iron levels is significantly different at 42 days of storage compared to 14 

to 35 days of storage. Baseline mean (±SE) values in μM are provided in Supplemental 

Table 2 to evaluate the origins of the above log base 10 changes plotted.
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Figure 7. Survival proportion, and changes from baseline in cell-free hemoglobin (CFH) and 
non-transferrin bound iron (NTBI) plasma levels to during and 10 hours after transfusion of 
unwashed blood with increasing storage time
To evaluate the total experience with massive exchange-transfusion of unwashed blood with 

increasing storage ages, we included all infected animals studied so far receiving 80 ml/kg. 

In the top panels, survival proportion is plotted as open bars for each storage age of the 

blood transfused (7, 14, 21, 28, 35 and 42 days). The total number of animals studied at each 

storage age (animals at risk) is denoted below each panel. In the middle panels, the mean 

(±SE) log based 10 changes from baseline (4h after bacterial challenge, immediately pre 

transfusion) of CFH plasma levels to during and 10 hours after transfusion are plotted as 

grey bars for each storage age of the blood transfused. In the bottom panels, the mean (±SE) 

log based 10 changes from baseline of NTBI plasma levels to during and 10 hours after 

transfusion are plotted as black bars for each storage age of the blood transfused. CFH 

plasma levels increase progressively with age but both survival and NTBI plasma levels 

appear to have a step up between 1 and 2 weeks of storage. During infection Transfusion of 

RBCs stored for only 1week results in the best survival associated with the lowest CFH and 

iron plasma levels.
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