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Abstract
BACKGROUND AND OBJECTIVES—Studies in mice suggest that rapid transfusions of red
blood cells (RBCs), refrigerator stored for longer durations, induce a pro-inflammatory cytokine
response. Studies in human neonates confirm these findings; however, to date, adult human
studies have failed to replicate these findings. We used healthy research dogs to begin to examine
the factors affecting the cytokine response to transfusion.

MATERIALS AND METHODS—In a prospective study, healthy dogs were randomized for two
autologous packed RBC transfusions after 7 (i.e. “fresh”) and 28 (“old”) days of storage, or after
28 and 7 days of storage, with or without pre-storage leukoreduction (LR).

RESULTS—No significant differences were observed between LR and non-LR transfusions for
all circulating analytes measured following transfusion. A pro-inflammatory cytokine response,
exemplified by monocyte chemoattractant protein-1, was observed 6 hours after only old RBC
transfusions, irrespective of infusion rate (P<0.001). This response was accompanied by increased
neutrophil counts (P<0.001) and decreased platelet counts (P<0.001).

CONCLUSION—In healthy dogs, old RBC transfusions induce inflammation, which is
unaffected by infusion rate.
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INTRODUCTION
The potential adverse affects of transfusing RBCs after longer durations of refrigerated
storage is a major issue in human transfusion medicine [1]. Large observational studies
evaluating critically ill individuals, including cardiac surgery [2], pediatric intensive care
[3], and trauma patients [4], found associations between transfusions of “older” RBCs
(generally defined as >14 days of storage) with increased mortality, multiple organ
dysfunction, and/or sepsis. A recent meta-analysis concluded that transfusions of older,
stored RBCs correlate with a significantly increased risk of death [5]. These studies raise
important concerns regarding the risk-benefit ratio of RBC transfusion in certain clinical
settings.

The mechanisms by which transfusions of older, stored RBCs may increase morbidity and
mortality are not yet known, although multiple hypotheses are being intensely investigated.
Potential mediators accumulating in the RBC supernatant during storage include free
hemoglobin, microvesicles, and other compounds [6, 7]. In addition, the “iron hypothesis”
proposes that rapid clearance of storage-damaged RBCs acutely delivers a bolus of
hemoglobin iron to the reticuloendothelial system, thus impairing host defenses [8]. Multiple
mediators may also act in combination to manifest the clinical effects attributed to older,
stored RBC transfusions.

In mouse models and human volunteers, transfusions of older, stored leukoreduced (LR)
RBCs produce extravascular hemolysis and circulating non-transferrin-bound iron. In
addition, non-transferrin-bound iron levels correlate well with enhanced pathogen
proliferation in serum samples in vitro [9, 10]. Rapid infusion of older, stored RBCs also
induces a dose-responsive pro-inflammatory cytokine response in mice [10]. Although a
pro-inflammatory cytokine response was seen after transfusion in preterm neonates [11], this
was not observed in healthy human volunteers slowly transfused with one unit of RBCs [9].
These findings suggest that recipient factors, along with transfusion dose and infusion rate,
may affect the resulting inflammatory response.

To this end, healthy research dogs were used to examine: (i) whether stored RBC
transfusions induce an inflammatory response, (ii) whether the infusion rate is relevant, and
(iii) whether the extent of extravascular hemolysis correlates with the inflammatory
response. Furthermore, because the clinical benefits of LR are still debatable, with some
centers not practicing universal leukoreduction [12], and because this issue has not been
fully explored in veterinary practice, we also evaluated whether pre-storage LR affects the
degree of hemolysis (both ex vivo in the unit and in vivo) and the inflammatory response.

MATERIALS AND METHODS
Study design

In a prospective, crossover study, 20 healthy research dogs were randomized to two
autologous RBC transfusion events, one after 7 days (i.e., “fresh”) and one after 28 days
(i.e., “old”) of storage or vice versa. Fresh and old RBC transfusions were separated by at
least a one-month washout period. Dogs were also randomized to LR (n = 10) or non-LR (n
= 10) for both transfusions. As a control, 4 untransfused and 4 transfused (at least one month
following the second autologous transfusion) healthy research dogs received saline infusions
instead of RBCs.

Dogs
Healthy research dogs of various mixed breeds (8 males, 16 females), maintained in a
research colony at the University of Pennsylvania, were used (4 were only infused with
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saline). Dogs ranged in age from 6 months to 8 years and weighed 18–34 kg. To minimize
the potential for lipemia-induced hemolysis in vitro [13], dogs were fasted overnight before
collecting whole blood units or administering autologous RBC transfusions or saline
infusions, and were not fed until 2 hours after transfusion; thereafter, dogs were fed ad
libitum. Dogs were not sedated for any procedure. The Institutional Animal Care and Use
Committee of the University of Pennsylvania approved the study protocol.

Blood collection and processing
Blood (15 mL/kg; 20% blood volume) was collected from the jugular vein using a standard
triple blood-pack unit containing anticoagulant citrate-phosphate-dextrose solution and RBC
preservative solution (Adsol/AS-1; Fenwal). The volumes of CPD and Adsol were adjusted
for the smaller dogs to maintain CPD:whole blood and Adsol:whole blood ratios of 1:7 and
1:4.5, respectively. For pre-storage LR, a RS-2000 whole blood filter (Fenwal) was used
[14]; an additional 50 mL of blood was collected from dogs in the LR group to compensate
for losses during filtering. Residual leukocytes were enumerated by flow cytometry (BD
Leucocount kit, BD Biosciences). Aliquots (2 mL) of packed RBCs in Adsol were obtained
prior to and following storage to examine storage changes in analytes; supernatants were
stored at −80°C until analysis. Plasma fHb was measured using a cyanmethemoglobin assay
[15].

Transfusions and post-transfusion recovery (PTR)
Immediately following RBC labeling (see below), packed RBCs were administered via an
18g cephalic vein catheter over 20–30 minutes. Normal saline (15 ml/kg) was infused over
25 minutes by infusion pump. Dogs were monitored for vital and clinical signs during and
for 2 hours following transfusion/infusion, and at each sampling time point.

The proportion of transfused RBCs circulating after transfusion (i.e., the post-transfusion
recovery [PTR]) was determined using a dual-labeling method. Thus, fresh blood (10 mL)
was collected from the recipient before transfusion and labeled with chloromethylbenzamido
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI; Vybrant CM-DiI
cell-labeling solution, Invitrogen), and an 8-mL aliquot of the stored packed RBC unit was
labeled with 3,3'-dihexadecyloxacarbocyanine perchlorate (DiO; Invitrogen) [10]. At
defined time points after transfusion (0, 1, 2, and 24 hours), blood (0.5 mL) was obtained to
quantify labeled RBCs by flow cytometry (FACSCalibur flow cytometer, BD Biosciences).
Percent RBC recovery is the ratio of DiO to DiI-labeled RBCs in the blood samples divided
by the ratio in the transfusate.

Laboratory measurements
Blood samples were collected primarily from the jugular vein at baseline and at 2, 6, 12, 24,
48, and 72 hours after transfusion/infusion. Complete blood counts were performed using a
Cell-Dyn 3700 analyzer. Serum total bilirubin was measured using a Vitros 350 analyzer
(Ortho-Clinical Diagnostics).

Plasma interleukin (IL)-6, IL-8, and monocyte chemoattractant protein (MCP)-1 levels were
quantified using high-sensitivity ELISA kits (Canine DuoSet ELISA, R&D Systems). Serum
non-transferrin-bound iron was measured using an ultrafiltration assay [10]. Transferrin
saturation was measured by the Veterinary Diagnostic Laboratory, Kansas State University
(Raichem reagents, Hemagen Diagnostics).

Effect of transfusion rate of old RBCs on MCP-1 levels
To determine if “slow” transfusions dampened the MCP-1 response seen with old RBCs
transfused at a “fast” rate (over 20–30 minutes), units were collected from 3 dogs exhibiting
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high post-transfusion MCP-1 levels. At least 2 months after their last transfusion, they were
phlebotomized, their RBCs were stored for 28 days and then transfused over two hours. A 4
hour post-transfusion sample was added.

Statistical analysis
Results are presented as median ± interquartile range. Data were analyzed by 1-way
ANOVA and Bonferroni post-tests, Kruskal-Wallis and Dunns post-tests, or 2-way ANOVA
with repeated measures and Bonferroni post-tests as appropriate. Pearson correlations and
segmental linear regression models were performed to determine predictors of the MCP-1
response. A P value of <0.01 was considered significant. Prism 5 (GraphPad Software) was
used for statistical analyses.

RESULTS
Characterization of packed RBC supernatants in vitro

LR was effective, yielding <5×106 WBCs/unit and <4 ×109/L platelets/unit (not shown).
Supernatant hemoglobin levels and hemolysis rate in RBC units during refrigerated storage
were significantly greater at 28 days than at 7 days of storage (Table 1). In addition, the
mean hemolysis rate was <0.8% at 28 days of storage for all units. No significant differences
in supernatant hemoglobin level or hemolysis rate were observed between the LR and non-
LR groups. No significant accumulations in vitro of MCP-1, IL-6, or IL-8 were observed
during storage in LR units (Table 1). In contrast, mean MCP-1 levels in vitro significantly
increased in non-LR units from Day 0 (23.1 ± 12.9 pg/mL; mean ± SD) to Day 28 (89.9 ±
57.9 pg/mL; P <0.001). Finally, mean IL-8 levels were significantly higher in non-LR than
LR units on Day 0 and after 28 days of storage (P <0.001; Table 1).

Clinical assessment of transfusion recipients
Fresh and old RBC transfusions were well tolerated, with no adverse events noted during the
72-hour monitoring period for any of the transfusions/infusions. There was no significant
difference in mean rectal temperature between transfused dogs (fresh vs. old, or LR vs. non-
LR) and saline controls at any time point (not shown).

Effect of storage duration on complete blood cell counts in vivo
No differences between LR and non-LR groups were observed in any analyte measured after
transfusion; therefore, LR and non-LR data were combined for all subsequent analyses. At
24 hours after transfusion, mean hematocrit increased by 6.2 ± 2.6% and 5.2 ± 3.0% (mean
± SD; difference not statistically significant) following fresh and old RBC transfusions,
respectively (Figure 1A).Old RBC transfusions induced increased mean total WBC counts
and, specifically, absolute neutrophils counts peaking 12 hours after transfusion (P <0.001;
Figure 1B–C). Mean platelet counts decreased following old RBC transfusions, reaching a
nadir 12 hours post-transfusion (P <0.001; Figure 1D).

Prolonged storage duration reduces PTR
Compared with fresh RBC transfusions, the PTR decreased significantly (Figure 2A)
following old RBC transfusions at all time points. Storage for 28 days resulted in a 19.4%
decrease in 24-hour PTR (P <0.001), as compared to 7 days of storage. Furthermore, no
difference was detected between the immediate and 24-hour PTR for old RBCs (91.1 ±
11.9% vs. 92.7 ± 17.0%, respectively; mean ± SD). However, the mean PTR for fresh RBC
transfusions was greater than 100% and increased from immediately after transfusion to 24-
hours after transfusion (105.9 ± 9.8% vs. 112.1 ± 16.4%, respectively; mean ± SD; P <0.05).
Of note, the percentage of circulating DiI-labeled control RBCs, which were assumed to
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have a 100% PTR for the dual label study, decreased over time (to 93.4 ± 5.6% of the
immediate post-transfusion level by 24 hours post-transfusion; mean ± SD), suggesting that
the labeling method probably damaged the RBCs; therefore, the dual-label PTR data
overestimate the true recovery. However, we believe that the differences between the fresh
and old RBC transfusions (i.e., a mean of 19.4%) are unaffected, because both transfusions
are subject to the same bias.

Extravascular hemolysis following fresh and old transfusions
Compared with fresh RBCs, old RBC transfusions demonstrated significantly increased
serum total bilirubin with a mean peak increase at 2 hours after transfusion (Figure 2B; P
<0.001). Furthermore, although serum iron, transferrin saturation, and non-transferrin-bound
iron levels were unchanged from baseline after saline, all three analytes peaked at 6 hours
after transfusion of either fresh or old RBCs (Figure 2C–E). However, as compared with
fresh RBCs, all three analytes were significantly elevated at 2 hours, but not at 6 hours, after
transfusion of old RBCs (P <0.001). Furthermore, as compared with fresh RBCs, serum iron
and transferrin saturation were significantly decreased at 12 hours after transfusion of old
RBCs (P <0.001). There were no significant differences in plasma fHb levels among the
fresh RBCs, old RBCs, or saline groups at any time (Figure 2F).

Rapid and slow transfusions of old RBCs induce MCP-1
There were no significant differences between fresh and old RBC transfusion groups, or the
saline infusion group, at any time point in changes in IL-6 (Figure 3A) or IL-8 (Figure 3B)
levels from baseline. However, as compared to fresh RBC transfusions or saline infusion,
mean MCP-1 levels peaked at 6 hours after old RBC transfusions (P <0.001; Figure 3C). To
test whether infusion rate affects cytokine response, 3 dogs with robust MCP-1 increases at
6 hours after transfusion, were transfused again with old RBCs; however, on this occasion,
the transfusion rate was 2 units over 2 hours rather than 20–30 minutes. To avoid missing
the peak MCP-1 concentration, a 4-hour time point was added to this group. When
comparing slow and rapid transfusions, there were no significant differences in peak MCP-1
levels (Figure 3D). Finally, although IL-8 and MCP-1 levels in vitro were significantly
higher in non-LR RBCs, IL-8 and MCP-1 levels did not differ significantly in vivo after LR
and non-LR RBC transfusions (Figure 3E, F).

Predictors of the MCP-1 response to RBC transfusion
To determine whether the degree of post-transfusion extravascular hemolysis predicts the
MCP-1 response, we assessed potential predictors by univariate linear regression. There
were significant, but relatively weak, inverse correlations between the 2-hour PTR and total
bilirubin (R2=0.21; P <0.01; Figure 4A) and non-transferrin-bound iron levels (R2=0.30; P
<0.001; Figure 4B), supporting the presence of extravascular hemolysis. However, there was
no correlation between the PTR and the peak MCP-1 response at 6 hours after transfusion
(Figure 4C). To explore the possibility of a threshold effect, in which, below a certain PTR
(e.g., 100%), there is a more dramatic correlation between PTR and hemolysis markers and/
or MCP-1, segmental linear regression models were generated constraining the PTR at
100%. In this case, the R2 value increased for correlations between PTR and total bilirubin
(R2=0.34; Figure 4A, gray lines), non-transferrin-bound iron (R2=0.37; Figure 4B, gray
lines), and MCP-1 (R2=0.17; Figure 4C, gray lines). Finally, the fHb in the unit supernatant
did not correlate with the peak MCP-1 level (Figure 4D; R2=0.06, P=0.13).

DISCUSSION
We provide evidence that old RBC transfusions induce an MCP-1 response, accompanied by
increased neutrophils and decreased platelets. Interestingly, LR did not affect these
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responses; in addition, slowing the transfusion rate did not affect the MCP-1 response.
Because LR removes platelets and WBCs, this suggests that storage-induced changes of the
RBCs and/or the supernatant are responsible for these effects. Furthermore, stored
autologous canine RBC transfusions led to extravascular hemolysis, producing substantial
amounts of circulating non-transferrin-bound iron. Although circulating iron and bilirubin
increase more rapidly following transfusion of 28 day (old), as compared to 7 day (fresh),
stored RBCs, both induce substantial hemolysis.

As in humans [16], LR reduced IL-8 and MCP-1 in canine RBC unit supernatants (Table 1);
however, no differences in inflammation or other outcomes were seen in 20 LR and 20 non-
LR transfusions. Nonetheless, measuring additional cytokines or inflammation markers may
have yielded different results. Importantly, no adverse clinical events were observed.

In mice, the intact transfused RBCs initiate an inflammatory cytokine response following
rapid transfusion of 2 units of old, stored mouse RBCs [10]. Recent neonatal studies provide
evidence for an inflammatory response following transfusion [11]. However, studies of
healthy adult humans have, thus far, failed to replicate these findings, following either slow
transfusion of 1 unit of 40–42 day old RBCs [9] or rapid transfusion of 2 units of freshly
cryopreserved RBCs [17]. Our current results do not support the hypothesis that RBC
transfusion rate affects cytokine response; no differences in peak MCP-1 levels were
observed when 2 units of old RBCs were transfused rapidly or slowly (Figure 3D); however,
one-unit transfusions, to address dose-response issues, were not performed. In addition,
although univariate linear regression did not reveal significant correlations between the
MCP-1 response and the PTR (Figure 4D), PTR did correlate with bilirubin, non-transferrin-
bound iron, and MCP-1 in a segmental linear regression model (Figure 4A–C; gray lines).
This suggests a threshold effect is likely, in which, beyond a certain level of hemolysis,
compensatory systems are overwhelmed, resulting in increased markers of hemolysis and
inflammation. However, the weak correlation of PTR and MCP-1 (R2=0.17) suggests that
other undiscovered factors affect this response.

Serum MCP-1 level is a marker of disease severity in critically ill dogs (e.g., sepsis) ranging
from 145 to 1723 pg/mL (median 578 pg/mL) [18]; in our study, using the same ELISA,
healthy dogs receiving old RBCs had MCP-1 levels of 29–2361 pg/mL (median 506 pg/mL)
at 6 hours post-transfusion. Thus, in dogs, old RBC transfusions and sepsis similarly
increase circulating MCP-1 levels.

In this study, given the evidence of extravascular hemolysis after old RBC transfusions (e.g.,
increased total bilirubin and iron parameters without increased fHb), it is not surprising that
the 24-hour PTR was 19.4% less in dogs receiving old RBCs, as compared to fresh RBCs.
However, despite some extravascular hemolysis following fresh RBC transfusions, it is
surprising that the 24-hour PTR was >100% in this setting. RBC labeling with lipophilic
dyes was used in a murine RBC storage and transfusion model [10], with results comparable
to those obtained by radiolabeling [19]. A limitation of the current study is that lipophilic
dye labeling of canine RBCs was not compared to traditional methods. However, the mean
24-hour PTR obtained with lipophilic dyes (e.g., 92.7%) for 28 day RBCs stored in Adsol
are higher than those reported using biotinylation (80%) and radiolabeling (81%) for canine
RBCs stored in Adsol for 35 days [20]. We suspect that our control, fresh RBC aliquots
labeled with DiI were somewhat damaged during labeling, washing, and centrifugation
steps, leading to an over-estimation of PTR for both 7 and 28 day old units. In addition, a
recent study supports our finding of non-optimal canine PTR following 7 days of storage:
two of four dogs transfused with 7 day old RBCs had a radiolabeled 24-hour PTR of <75%
[7].
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We examined osmotic fragility of canine RBCs labeled with DiI or DiO, but did not detect
any differences as compared to a saline control group (not shown); however, RBC damage
induced by the labeling process, but not detected by osmotic fragility testing, could cause
rapid clearance of these RBCs by macrophages. Despite the potential bias caused by RBC
damage during labeling, the bias probably affects fresh and old transfusions similarly; thus,
the 19.4% difference in 24-hour PTR between the fresh and old transfusions is meaningful.
Importantly, the immediate and 24-hour PTRs are similar. Thus, the clearance of these
storage-damaged RBCs is very rapid; most storage-damaged RBCs are cleared from the
circulation within 30 minutes of transfusion [21, 22] (of note, our RBCs were infused over
20–30 minutes, in contrast to the IV push used in traditional studies).

There were no differences in mean fHb concentrations between RBC transfusions and saline
infusions at any time point; however, samples were not collected in a manner that would
eliminate iatrogenic and/or artifactual hemolysis in vitro. Furthermore, fHb was not
measured immediately after transfusion, when fHb levels are expected to be highest. We
also observed increased fHb in all dogs, including the saline controls, at 6–12 hours post-
transfusion/infusion, when serum samples were obtained after food ingestion, which
occurred after the 2 hour post-transfusion sample. We attribute these fHb levels to post-
prandial lipemia, which was visibly apparent; canine RBCs are fragile in lipemic plasma and
can hemolyze in vitro [13].

RBC transfusions can cause leukocytosis in critically-ill humans, with kinetics similar to
those observed in the current study [23]; however, to our knowledge, the effects on
leukocytosis of LR and RBC storage duration were not addressed. In dogs, 28 day-old non-
LR and LR RBC transfusions resulted in median increases of 7,710 ×106/L and 7,900 ×106/
L over baseline, respectively, as compared to median increases of 2,800 ×106/L over
baseline for fresh RBC transfusions and 1,835 ×106/L for saline infusions. Thus, RBC
storage duration, rather than WBCs in the units, is a key factor associated with post-
transfusion leukocytosis. However, species differences may exist, as no consistent
differences in WBC or neutrophil counts were seen in healthy humans receiving fresh or old
RBCs [9]. Similarly, the median platelet count of dogs transfused old RBCs decreased from
baseline by 98 ×109/L at 12 hours after transfusion, as compared to decreases of 37 and 42
×109/L for the fresh RBC and saline groups, respectively. Although the cause of this effect
is unknown, old RBC transfusions may activate the endothelium [6], resulting in platelet
consumption.

The mean lifespan of canine RBCs is approximately 105 days [24], similar to human and
ovine RBCs [25]. Although the Food and Drug Administration mandates the maximal
allowable shelf life of stored human RBCs, there is no similar oversight of canine blood
products. The allowable outdate of canine RBCs varies among veterinary blood banks, but is
typically 28–42 days. The decision to use a 28-day storage time for “old” RBC units in our
study was based on standard practice for canine patients at our institution. Although
increases in serum bilirubin, non-transferrin-bound iron, and MCP-1 levels would likely
have been more dramatic in dogs receiving RBCs stored for 42 days, the inflammation and
non-transferrin-bound iron production evident after 28 days of storage is impressive and
raises the question of whether even 28 days of storage is appropriate for critically-ill dogs.
The current study used healthy dogs receiving autologous transfusions to eliminate
confounding factors associated with allogeneic RBCs and underlying illness. The results
provide evidence that in a large animal model, transfusion of older RBCs, but not fresh
RBCs, produce a pro-inflammatory cytokine response. Further studies are required to
determine whether inflammation and non-transferrin-bound iron contribute to increased
morbidity and mortality.
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Figure 1. Transfusions of old RBCs result in neutrophilia and decreased platelet counts
Data are median ± interquartile range for increases in (A) hematocrit, (B) WBC count, (C)
neutrophil count, and (D) platelet count from baseline levels up to 72 hours after fresh (gray
circles; n=20) or old (black squares; n=20) RBC transfusions or saline infusions (dotted line;
n=8). **P<0.01, ***P<0.001 comparing only the fresh and old RBC transfusions at each
time point.
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Figure 2. Transfusions of fresh and old RBCs both increase markers of hemolysis
Data are median ± interquartile range for the (A) post-transfusion RBC recovery from
immediately to 24 hours post-transfusion of fresh of old RBCs, and the change in (B) total
bilirubin, (C) serum iron, (D) transferrin saturation, (E) non-transferrin-bound iron, and (F)
plasma free hemoglobin from baseline levels up to 72 hours after fresh (gray circles; n=20)
or old (black squares; n=20) RBC transfusions or saline infusions (dotted line; n=8).
**P<0.01, ***P<0.001 comparing only the fresh and old RBC transfusions at each time
point.
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Figure 3. Both slow and rapid transfusions of old RBCs increase MCP-1 levels
Data are median ± interquartile range for the changes in: (A) IL-6, (B) IL-8, and (C) MCP-1
from baseline levels up to 72 hours after fresh (gray circles; n=20) or old (black squares;
n=20) RBC transfusions or saline infusions (dotted line; n=8); (D) MCP-1 levels for the old
RBC transfusions in 3 selected dogs transfused rapidly (i.e. over 20–30 minutes; solid line)
or slowly (i.e. over 2 hours; dotted line); and (E) IL-8 and (F) MCP-1 from baseline levels
up to 72 hours after old non-LR (gray circles; n=10) or old LR (black squares; n=10) RBC
transfusions, or after saline infusions (dotted line; n=8). Solid vertical arrows in all panels
indicate the pre-transfusion time point for rapid transfusions; dotted arrows indicate the pre-
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transfusion time point for slow transfusions. ***P<0.001 comparing only the fresh and old
RBC transfusions at each time point.
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Figure 4. Hemolysis markers correlate poorly with peak MCP-1 levels
Pearson correlations (black lines) and segmental linear regression constraining the PTR at
100% (gray lines) were used to determine the relationships between the 2-hour post-
transfusion RBC recovery and the (A) increases in total bilirubin at 2 hours post-transfusion,
(B) increases in non-transferrin-bound iron at 2 hours post-transfusion, and (C) peak
increases in MCP-1 at 6 hours post-transfusion. (D) Pearson correlations were used to
determine the relationships between the fHb in the RBC unit supernatant pre-transfusion and
the peak increase in MCP-1 at 6 hours post-transfusion. The P value for the segmental linear
regression models is the result of an extra sum-of-squares F test to compare the goodness of
fit of the segmental model to a horizontal line. Dotted lines represent 95% confidence
intervals.
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