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Objective: Transfusion-related acute lung injury is the leading
cause of transfusion-related mortality. A prospective study using
electronic surveillance was conducted at two academic medi-
cal centers in the United States with the objective to define the
clinical course and outcomes in transfusion-related acute lung
injury cases.

Design: Prospective case study with controls.

Setting: University of California, San Francisco and Mayo Clinic,
Rochester.

Patients: We prospectively enrolled 89 patients with
transfusion-related acute lung injury, 164 transfused controls, and
145 patients with possible transfusion-related acute lung injury.
Interventions: None.

Measurements and Main Results: Patients with transfusion-related
acute lung injury had fever, tachycardia, tachypnea, hypotension,
and prolonged hypoxemia compared with controls. Of the patients
with transfusion-related acute lung injury, 29 of 37 patients (78%)
required initiation of mechanical ventilation and 13 of 53 (25%)
required initiation of vasopressors. Patients with transfusion-related
acute lung injury and possible transfusion-related acute lung injury
had an increased duration of mechanical ventilation and increased
days in the ICU and hospital compared with controls. There were 15
of 89 patients with transfusion-related acute lung injury (17%) who
died, whereas 61 of 145 patients with possible transfusion-related
acute lung injury (42%) died and 7 of 164 of controls (4%) died.
Patients with transfusion-related acute lung injury had evidence of
more systemic inflammation with increases in circulating neutro-
phils and a decrease in platelets compared with controls. Patients
with transfusion-related acute lung injury and possible transfusion-
related acute lung injury also had a statistically significant increase
in plasma interleukin-8, interleukin-10, and interleukin-1 receptor
antagonist posttransfusion compared with controls.

Conclusions: In conclusion, transfusion-related acute lung injury
produced a condition resembling the systemic inflammatory
response syndrome and was associated with substantial in-hospital
morbidity and mortality in patients with transfusion-related acute
lung injury compared with transfused controls. Patients with
possible transfusion-related acute lung injury had even higher
in-hospital morbidity and mortality, suggesting that clinical out-
comes in this group are mainly influenced by the underlying acute
lung injury risk factor(s). (Crit Care Med 2014; 42:1676-1687)
Key Words: acute lung injury; human leukocyte antigen; human
neutrophil antigen; pulmonary edema; transfusion reaction;
transfusion-related acute lung injury

clinically as the development of acute lung injury (ALI)

during or within 6 hours after the transfusion of any
blood product (1, 2). It was first formally described in the early
1980s (3, 4), but it has likely been present since the advent of
allogeneic blood transfusions. TRALI is an important syn-
drome and has been the leading cause of transfusion-related
mortality for many years (5); although with the implemen-
tation of transfusion of plasma from predominately male

Transfusion-related acute lung injury (TRALI) is defined

Critical Care Medicine

Clinical Investigations

donors, the prevalence has decreased in many countries (6-8).
As described by the 2004 TRALI Consensus Conference, there
are many unanswered questions about the epidemiology and
clinical aspects of TRALI (2). To answer the questions on
TRALI prevalence, risk factors, clinical course, and outcomes,
we conducted a prospective observational study of TRALI at
two academic medical centers in the United States between
2006 and 2009. This study uniquely included electronic sur-
veillance of patients with posttransfusion hypoxemia and also
included control patients who did not develop hypoxemia after
transfusion. We have recently reported the results on TRALI
prevalence and donor and recipient risk factors (9). We have
also reported the clinical aspects of transfusion-associated
circulatory overload (TACO) cases identified during the
screening process of the study protocol (10). We now report
prospectively collected data on the clinical course and out-
comes in TRALI cases and controls. We have also included a
relevant comparison group, possible TRALI, defined as new
ALI developing during or within 6 hours of transfusion with a
clear temporal relationship to an alternative risk factor for ALI
(2), and for which data on clinical outcomes are very limited.

MATERIALS AND METHODS

Study Design

Prospective surveillance for TRALI was conducted between
2006 and 2009 at the University of California, San Francisco
(San Francisco, CA) and the Mayo Clinic (Rochester, MN) using
an electronic surveillance system to screen for posttransfusion
hypoxemia (11), as previously described (9). Study coordina-
tors sent case information to two critical care physicians on
the four-member expert panel (O.G., R.H., M.R.L., M.A.G.).
Each expert independently classified each case as TRALI, pos-
sible TRALI, TACO, TACO/TRALL or other. The final diag-
nosis was that agreed upon independently by two experts. For
quality assurance, all TRALI cases that had another ALI risk
factor present and cases in which only one reviewer diagnosed
TRALI were reviewed later at a conference call with all four
members of the expert panel. The study design was approved
by the institutional review board at each institution.

Definition of TRALI and Possible TRALI

TRALI was defined as new ALI that developed during or within
6 hours of transfusion, and there was no temporal relationship
to an alternative risk factor for ALI (1, 2). Possible TRALI was
defined as new ALI that developed during or within 6 hours of
transfusion, and there was a clear temporal relationship to an
alternative risk factor for ALI (2).

Controls: Inclusion Criteria and Enroliment

Control patients were transfusion recipients over 6 months
of age who had no pulmonary signs and symptoms during
or within 12 hours after transfusion of the last unit. Their
Pao,/Fio, ratio, if measured, was required to be more than
300 and any chest roentgenogram lacked bilateral infiltrates.
Control enrollment was stratified according to the number of
1677
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transfused units (regardless of blood product type) given to
the recipient within 6 hours of the “event,” which was defined
as 2 hours after the end of the last transfusion. The study stat-
istician obtained a random sample of controls by randomly
sampling days and randomly sampling an eligible control for
each day. Controls were enrolled in three strata: low (1-2U),
medium (3-9U), and high volume (10 or more) transfusions.
There was no matching of controls to cases for any variable.

Patient and Donor Sample Collection in Cases and
Controls

Residual pre- and posttransfusion samples in the clinical labo-
ratory for each patient were collected for measurement of cyto-
kines and human leukocyte antigen (HLA) typing. The median
time that blood was drawn before and after the onset of edema
were 20 and 16 hours, respectively. Leukocyte antibody testing
was performed on plasma from samples collected at the time
of donation or the donor was recalled for informed consent
and an additional blood draw.

Cytokine Assays

Plasma cytokines were measured using microarray kits from
Bio-Rad (Hercules, CA) on the Luminex platform (Luminex
Corporation, Austin, TX). Cytokines measured included gran-
ulocyte-macrophage colony-stimulating factor, interferon-vy,
interleukin (IL)-1f, IL-1 receptor antagonist (IL-1RA), IL-2,
IL-4, IL-6, IL-8, IL-10, and tumor necrosis factor-a.

Statistical Methods

Cytokine Analysis. Cytokine data were imported into a statisti-
cal analysis package (Stata Special Edition, Version 11.2; Stata-
Corp, College Station, TX). Undetectable values were assigned
a value of zero for the purposes of analysis. Because the distri-
bution of cytokine results was skewed, the Wilcoxon test for
paired samples was used to compare changes in cytokines lev-
els of paired pre- and posttransfusion samples between groups
of TRALI, possible TRALIL, and control patients. A two-tailed
p value of less than 0.05 was considered statistically significant.

Clinical Outcomes. Patients already intubated for more than
24 hours at the time of the first implicated unit were assumed
to have the course of their mechanical ventilation influenced
very little by the occurrence versus nonoccurrence of TRALI
and similarly for patients intubated more than 24 hours after
the first implicated unit. For analysis of duration of mechanical
ventilation, we therefore restricted attention to those intubated
within 24 hours before or 24 hours after transfusion of the first
implicated unit. Importantly, the length of time on mechanical
ventilation was calculated starting at the time of the first impli-
cated transfusion. We did not include the amount of time that
patients had been receiving mechanical ventilation prior to the
implicated transfusions, because this duration of mechanical
ventilation would be unrelated to transfusions.

Duration of hospital and ICU stays were summarized using
Kaplan-Meier survival curves. Lengths of stay (LOSs) were cal-
culated from the episode of pulmonary edema (cases) or from
6 hours following the index transfusion (controls). Deaths in
1678
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the ICU or in-hospital were excluded from analysis of these
variables. Patients with no ICU stay were excluded from analy-
sis of length of ICU stay. Medians were calculated and overall
differences tested by generalized Wilcoxon tests. Proportional
hazards models were used to obtain estimated effects of TRALI
while controlling for Acute Physiology and Chronic Health
Evaluation (APACHE II) score and to generate Kaplan-Meier
curves adjusted to the median overall APACHE II score.

We did not apply statistical tests to characteristics that were
not clinical outcomes, because there were no null hypotheses
of interest about those being identical in the TRALI cases,
possible TRALI cases, and controls. Their potential roles
as confounders were addressed directly by evaluating them
as additional predictors in multivariate models. The char-
acteristics evaluated included APACHE II score, age, gen-
der, study site, patient in the ICU at the time of transfusion
before pulmonary edema, transfusion stratum (low = 1-2 U,
medium = 3-9 U, high = 10 or more units within 6 hr before
pulmonary edema), number of units of any component
transfused within 6 hours before pulmonary edema, receiv-
ing mechanical ventilation before transfusion, congestive
heart failure, shock before transfusion, surgery in the current
hospitalization before pulmonary edema, time in hours since
any surgery, liver transplantation, chronic renal failure, fluid
balance per hour over the 24 hours before edema, leukemia
or lymphoma, and metastatic cancer or chemotherapy in the
6 months before pulmonary edema.

As previously described (9), some patients had missing
data for one or more of their transfused units. To evaluate
transfusion-related factors in proportional hazards models, we
therefore used multiple imputation methods with the 20 sets
of data that had those missing values imputed for the previ-
ous analyses (9). Statistical analyses were performed using SAS
software 9.1 (Cary, NC).

RESULTS

Table 1 is a description of the demographics and clinical
profiles of the TRALI cases, controls, and possible TRALI cases.
There were 89 cases of TRALI identified and 164 controls that
did not develop pulmonary edema after transfusion therapy.
We identified 145 cases of possible TRALI and the top ALI
risk factors identified in these patients were sepsis (1 = 68),
shock (n=59), pneumonia (n = 22), and aspiration (n=16). A
patient could have more than one ALI risk factor.

Vital Signs and Supportive Care

In Table 2, we show vital signs and supportive care measures
that diverged between TRALI cases and controls. TRALI
patients had higher body temperatures after the onset of
edema, and 35% developed new fever (= 1.0°C increase) dur-
ing transfusion or after the onset of edema. TRALI patients
had lower systolic and diastolic blood pressures, higher heart
rates, and higher mean central venous pressure values. TRALI
patients were more likely to require prolonged vasopressor
support after the onset of edema compared with transfused
controls. Among TRALI cases not on vasopressors before

July 2014 « Volume 42 « Number 7
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TABLE 1. Demographic Characteristics of Controls, Transfusion-Related Acute Lung Injury,
and Possible Transfusion-Related Acute Lung Injury Cases

Variable Controls (n = 164) TRALI (n = 89) Possible TRALI (n = 145)
Age (yr), mean % sp 56+20.2 544920 58+19
Age (yr), median (Q1-Q3) 59 (45-71) 57 (47-66) 61 (47-71)
Age (yr)
<19 9 (56.5) 9(10.1) 7 (4.8)
20-29 12 (7.3) 4 (4.5) 3(2.1)
30-39 14 (8.5) 3(34) 11 (76)
40-49 14 (8.56) 12 (13.5) 18 (12.4)
50-569 37 (22.6) 21(23.6) 26 (17.9)
60-69 31(189) 23 (25.8) 38(26.2)
> 70 47 (28.7) 17 (19.1) 42 (29.0)
Sex
Female 73 (44.5) 45 (50.6) 70 (48.3)
Male 91 (55.5) 44 (49.4) 75 (51.7)
Race
American Indian/Alaska 2(1.9) 1(1.1) 3(2.1)
Asian 10 (6.1) 4 (4.5) 6 (4.1)
Black or African American 6 (3.7) 4 (45) 7 (4.8)
Native Hawaiian/Pacific Islander 1(0.6) 1(1.1) 2(1.4)
Unknown or not reported 22 (13.4) 16 (18.0) 18 (12.4)
White 123 (75.0) 63 (70.8) 109 (75.2)
Ethnicity
Hispanic 11 (8.7) 7 (79) 7 (4.8)
Not Hispanic 124 (75.6) 70 (78.7) 46 (31.7)
Not reporting ethnicity 29 (17.7) 12 (13.4) 92 (63.5)
Hospital
Mayo Clinic 85 (51.8) 45 (50.6) 98 (67.6)
University of California, San Francisco 79 (48.2) 44 (49.4) 47 (32.4)
Transfusion strata
High (= 10U) 48(29.3) 29 (32.6) 20(13.8)
Medium (3-9U) 63 (38.4) 33(37.1) 58 (40.0)
Low (1-2U) 53 (32.3) 27 (30.3) 67 (46.2)
Patient location at time of transfusion
Emergency department 0 (0) 0 (0) 1(0.7)
Floor 54 (32.9) 14 (15.7) 11 (7.6)
Hematology oncology floor 20 (12.2) 4 (4.5) 16 (11.0)
ICU 29 (17.7) 27 (30.3) 78 (63.8)
Operating room/postanesthesia care unit 53 (32.3) 43 (48.3) 39 (26.9)
Outpatient 8(4.9) 1(1.1) 0 (0)

TRALI = transfusion-related acute lung injury, Q1 = first quartile, Q3 = third quartile.
Values are numbers (%), unless otherwise specified.
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TABLE 2. Vital Signs and Supportive Care in Transfusion-Related Acute Lung Injury Cases

and Controls

Variable

Controls (n = 164)

Transfusion-Related Acute Lung

Injury (n = 89)

Temperature (°C)

Highest before edema (T1)

Highest after edema (T2)
A(T2-T1)

New fever (%)
Increase to > 38°C at T1 or T2
Increase by > 1°C at T1 or T2

Blood pressure (mm Hg)

Average systolic blood pressure (T1)
Average systolic blood pressure (T2)
A(T2-T1)
Average diastolic blood pressure (T0)
Average diastolic blood pressure (T2)
A(T2-T1)

Heart rate
Average heart rate (T1)

Average heart rate (T2)
A(T2-T1)

Central venous pressure (mm Hg)
Average central venous pressure (T1)
Average central venous pressure (T2)
A(M2-T1)

Respiratory rate
Average respiratory rate (TO)
Average respiratory rate (T2)

A (T2 - T0)
Pao,/Fio,
Average Pao,/Fio, (TO)
Average Pao,/Fio, (T2)
Average Pao,/Fio, (T3)
Average Pao,/Fio, (T4)
A (T2 - TO)
A(T3-T2)
A(T4-T2)

Mechanical ventilation (%)

New mechanical ventilation after edema

370£0.6 (n=157)
372£0.7 (n=153)
02+08(n=151)

13/144 (9.0)
24/151 (15.9)

118£16.9 (n=160)
123+£187 (h=1563)
6.1£14.7 (n=153)
64+ 113 (n=160)
66+11.7 (n=153)
1.8£10.4 (n=153)

841+156.3 (n=160)
86+ 163 (n=1563)
1.9£103 (n=153)

9.7£4.6 (n=38)
8339 (n=33)
-12+£43(n=31)

16£4.5 (n=157)
17+4.4 (n=155)
1.2+4.4 (n=154)

386+ 107 (n=46)
413173 (n=34)
364£115 (n=20)
349+ 117 (n=9)
8£95 (n=28)
-53£85 (n=16)
-93+121 (n=8)

8/79 (10)

371£1.0 (n=87)
377£1.3 (n=288)
0.6+1.2 (n=_86)

25/77 (32.5)
30/87 (34.5)

112+20.4 (n=289)
117£21.6 (n=88)
54+20.8 (n=88)
59+13.1 (n=289)
60+13.4 (n=288)
1.0£11.4 (n=88)

901188 (n=289)
101+£23.6 (n=288)
10.7£16.8 (n=88)

9.2£3.1 (n=33)
10.3+£3.6 (n=148)
1.1£36 (n=31)

16£5.4 (n=288)
22+9.7 (n=89)
6.7£95 (n=88)

329+112 (n=49)
1564+74 (n=83)
193191 (n="70)
211120 (n=55)
-166+128 (n=49)
361115 (n=169)
45+ 129 (n=153)

29/37 (78)

0.79
0.0006
0.0025

< 0.0001
0.001

0.0031
0.035
0.80
0.0002
< 0.0001
0.54

0.03
< 0.0001
< 0.0001

0.94
0.015
0.056

0.561
0.0002
< 0.0001

0.011
< 0.0001
< 0.0001

0.0032
< 0.0001

0.0039

0.0094

< 0.0001
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TABLE 2. (Continued). Vital Signs and Supportive Care in Transfusion-Related Acute Lung
Injury Cases and Controls

Transfusion-Related Acute Lung

Variable Injury (n = 89)

Controls (n = 164)

On mechanical ventilation before edema 85/164 (52) 52/89 (58) 0.32
Never on mechanical ventilation 71/164 (43) 8/89 (9) < 0.0001
Peak airway pressure (cm H,0)
Average peak airway pressure® 2516 (n=281) 30+10 (n=50) 0.0007
Noninvasive ventilation (%)°
Yes 32 28 (32) < 0.0001
No 161 (98) 61 (68)
Vasopressors (%)
Yes (TO) 29 (18) 36 (40) < 0.0001
Yes (T2) 14 (9) 39 (44) < 0.0001
Yes (T3) 12(7) 37 (42) < 0.0001
Yes (T4) 4(2) 21 (24) < 0.0001
New vasopressors (T1 or T2) 07135 (0) 13/563 (25) < 0.0001

TO = 0-6 hr before transfusion, T1 = during and < 6 hr after transfusion, T2 = 0 to < 12 hr after onset of pulmonary edema, T3 = data closest to 24 hr (range >

12 to < 36 hr) after onset of pulmonary edema, T4 = data closest to 48 hr (range > 36 to < 60 hr) after onset of pulmonary edema.

2Highest value within £ 12 hr of intubation.

®Noninvasive ventilation = continuous positive airway pressure or bilevel positive airway pressure.

Values are mean % sp or number (%).

transfusion, vasopressors were initiated in 25% (13 of 53) dur-
ing transfusion or after onset of edema. TRALI cases devel-
oped more tachypnea and hypoxemia compared with controls.
In the TRALI group, the Pao,/Fio, ratios were improved at 24
and 48 hours compared with the onset of edema but remained
lower than the controls. Importantly, among TRALI cases and
controls that were not mechanically ventilated before the onset
of edema, 78% of TRALI patients (29 of 37) required institu-
tion of positive pressure mechanical ventilation after the onset
of edema compared with 10% of controls (8 of 79). For either
control or TRALI cases that were already mechanically venti-
lated, TRALI patients had higher peak airway pressures, likely
indicating reduced respiratory compliance. TRALI patients
were also more likely to receive noninvasive ventilatory support
(continuous positive airway pressure or bilevel positive airway
pressure) compared with controls (32% vs 2%, respectively).

Laboratory Values

In this observational study, we could not mandate that
routine laboratory tests be done, but in most cases, results
from these tests were available for review. There were no
significant differences in mean WBCs or neutrophils before
or within 12 hours after the onset of edema. However, neu-
trophils statistically significantly increased in the TRALI
group at 24 and 48 hours after edema onset versus controls
(Table 3). Platelet counts after the onset of edema decreased
in the TRALI group versus controls compared with base-
line platelet counts (Table 3). There were two TRALI cases

Critical Care Medicine

that developed dynamic leukopenia. Brain natriuretic pep-
tide measurements were made in very few TRALI cases or
controls.

Plasma Cytokines

We measured cytokine values in plasma collected from TRALI
and possible TRALI cases and controls. We restricted our anal-
ysis to patients with paired pre- and postevent samples. The
availability of paired samples limited our cytokine analyses to
109 control patients, 57 TRALI patients, and 38 possible TRALI
patients. IL-6 plasma levels increased (pre- to postevent) in all
three groups, but there were no statistically significant differ-
ences between the groups (Fig. 1). Pre- to postevent changes
in IL-8 and IL-10 levels were higher in the TRALI and pos-
sible TRALI groups compared with controls (Fig. 1). Changes
in I[L-1RA (pre- to postevent) plasma levels were higher in the
TRALI and possible TRALI groups compared with controls,
although the possible TRALI comparison was not statistically
significant (Fig. 1).

Duration of Mechanical Ventilation

We next tested the effect of TRALI on the length of time
of mechanical ventilation in those patients who required
this support. The duration of mechanical ventilation was
increased in both the TRALI (n = 50) and possible TRALI
(n=59) groups compared with control group (n = 32) (Fig.
2A). Median duration of mechanical ventilation was 0.3 days
in the control group (n = 32), 1.7 days in the TRALI group
1681
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TABLE 3. Laboratory Values in Transfusion-Related Acute Lung Injury Cases and Controls

Variable

Controls (n = 164)

Transfusion-Related Acute Lung
Injury (n = 89)

WBCs (x 10%/L)

Average WBCs (T0O)
Average WBCs (T2)
Average WBCs (T3)

8.6%9.2 (n=1563)
9.2+8.1 (n=13b)
102+9.6 (n=132)

Average WBCs (T4)
Neutrophils (x 10°/L)

104+£19.8 (n=12bH)
Average neutrophils (TO) B.1+4.4 (n=287)
49+ 4.4 (n=4b)
6.9+t11.1 (n=47)
54+59 (n=48)

Average neutrophils (T2)
Average neutrophils (T3)
Average neutrophils (T4)
Platelets (x 10%/L)
Average platelets (TO) 1568+ 147 (n=143)
145+104 (n=135)
146+118 (n= 133)
151+£138 (n=124)
-18.7+755(n=115)

Average platelets (T2)
Average platelets (T3)
Average platelets (T4)
A (T2 - TO)

BNP (pg/mL)
Average BNP (TO and T1)
Average BNP (T2)

581+£512 (n=28)
323+17 (h=2)

84+5.1 (n=83) 0.27
85x5.4 (n=86) 0.98
95£5.4 (n=288) 0.68
9.6+5.1 (n=283) 0.62
54+46 (n=43) 0.73
6.3+ 4.5 (n=23bH) 0.081
83£5.7 (n=40) 0.016
86£5.6 (n=239) 0.0023
162+98 (n=82) 0.10
129481 (n=86) 0.63
121£80 (n=288) 0.44
115£81 (n=83) 0.31
-316£61.2 (n=380) 0.018
217+300 (n=05) 0.12
5971813 (n=21) 0.78

TO = 0-6 hr before transfusion, T1 = during and < 6 hr after transfusion, T2 = 0 to < 12 hr after onset of pulmonary edema, T3 = data closest to 24 hr (range
> 12 to < 36 hr) after onset of pulmonary edema, T4 = data closest to 48 hr (range > 36 to < 60 hr) after onset of pulmonary edema, BNP = brain natriuretic

peptide.
Mean = sp. p value based on Mann-Whitney test.

(n =50), and 4.0 days in the possible TRALI group (n = 59;
generalized Wilcoxon overall p < 0.0001). When compared
with the TRALI group alone, possible TRALI patients had
statistically significantly longer duration of mechanical ven-
tilation (generalized Wilcoxon p = 0.0063). To estimate the
independent effect of TRALI on duration of mechanical ven-
tilation versus controls, we performed proportional hazards
regression analyses controlling for possible confounders,
with the APACHE II score forced into all models to control
for disease severity. Controlled only for APACHE II score,
earlier discontinuation of mechanical ventilation was associ-
ated inversely with TRALI (hazard ratio [HR] = 0.32; 95% ClI,
0.20-0.51). Also controlling for any one of the other possible
confounders resulted in little change to these results (HR
for discontinuation of mechanical ventilation ranging from
0.28 to 0.36). Simultaneously controlling for metastatic can-
cer or chemotherapy in the past 6 months before pulmonary
edema, shock before transfusion, and liver transplantation
(which were chosen by forward stepwise selection based on
all having p < 0.05) strengthened the TRALI effect somewhat
(HR =0.21;95% CI, 0.12-0.36).
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ICU and Hospital LOS

These analyses counted LOS from the time of the develop-
ment of pulmonary edema (cases) or 6 hours after transfu-
sion (controls) until discharge from the ICU and hospital,
respectively. Both ICU (Fig. 2B) and hospital LOS (Fig. 2C)
were increased in the TRALI and possible TRALI groups
compared with control group. Median ICU LOS was 2.5
days in the control group (n = 72), 3.8 days in the TRALI
group (n = 71), and 7.5 days in the possible TRALI group
(n = 82; generalized Wilcoxon overall p < 0.0001). Median
hospital LOS was 6.7 days in the control group (n = 149),
12.1 days in the TRALI group (n = 74), and 19.5 days in the
possible TRALI group (n = 84; generalized Wilcoxon overall
p < 0.0001). When compared with the TRALI group alone,
possible TRALI patients had statistically significantly longer
ICU LOS (generalized Wilcoxon p=0.0013) and hospital LOS
(generalized Wilcoxon p = 0.0001). To estimate the indepen-
dent effect of TRALI on LOSs versus controls, we performed
proportional hazards regression analyses controlling for pos-
sible confounders, with the APACHE II score forced into all
models to control for disease severity. Controlled only for
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Figure 1. Systemic inflammatory response in patients with transfusion-related acute lung injury (TRALI) (n = 38) and possible TRALI (n = 57) compared
with transfused controls (n = 109). Natural log transformed levels of interleukin (IL)-6, IL-8, IL-10, and IL-1 receptor antagonist (IL-1RA) from paired
samples prior to and following transfusion are presented as box-and-whisker plots. The box plot shows the median (horizontal line) and interquartile
range (IOR) (25th—75th percentile) (box). The whiskers show the lowest data within 1.5 IQR of the lower quartile and highest data within 1.5 IOR of the
upper quartile. Extreme outliers are not shown. Asterisks indicate statistically significant values in TRALI and possible TRALI patients compared with

control patients (p < 0.05).

APACHE 1I score, earlier discharge from the ICU was associ-
ated inversely with TRALI (HR = 0.64; 95% CI, 0.46-0.90) as
was earlier discharge from the hospital (HR = 0.73; 95% CI,
0.55-0.97). Also controlling for any one of the other possible
confounders resulted in little change to these results (HR for
ICU discharge ranging from 0.59 to 0.68; HR for hospital dis-
charge ranging from 0.70 to 0.78). Forward stepwise selection
did not find more than one potential confounder with p value
of less than 0.05 for these outcomes.

Mortality and Discharge Status

Among the TRALI cases, 10 patients (11%) died in the ICU,
whereas there was just one death (0.6%) in the ICU in the con-
trol group (p < 0.0001) (Table 4). There were 15 in-hospital
deaths (17%) in the TRALI group, whereas there were seven
deaths within the control group (4%; p = 0.007) (Table 4).
More control patients were discharged home (n = 127, 77%)
versus TRALI patients (n = 59, 66%) or to a nursing home
(controls, n =26 [16%] versus TRALI, n=9 [10%]; p=0.0014

Critical Care Medicine

overall). Additionally, we observed 42% in-hospital mortality
in the possible TRALI group (61 of 145 patients) compared
with 17% in TRALI patients and 4% in controls (p < 0.0001).
Odds ratios for risk of in-hospital mortality from a logistic
regression model controlling for APACHE 1I score were 3.4
(95% CI, 1.30-9.0; p = 0.013) for TRALI group versus con-
trol group and 13.3 (95% CI, 5.8-30.8; p < 0.0001) for pos-
sible TRALI group versus control group. Also, controlling for
any one of the other possible confounders resulted in odds
ratios ranging from 3.2 to 4.7 for TRALI group versus control
group and 11.4-15.9 for possible TRALI group versus control
group. Simultaneously, controlling for metastatic cancer or
chemotherapy in the past 6 months before pulmonary edema,
surgery before pulmonary edema, and receiving mechanical
ventilation before transfusion (which were chosen by forward
stepwise selection based on all having p < 0.05) strengthened
the TRALI effect somewhat (odds ratio = 4.7; 95% CI, 1.69—
12.8) and also the possible TRALI effect (odds ratio = 15.1;
95% CI, 6.3-36.2).
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Predictors of Decreased Duration of Mechanical

Ventilation and ICU or Hospital LOS in TRALI Patients
We tested all of the recipient and transfusion risk factors that
were identified in our previous study to be independent risk
factors for the development of TRALI (9). Of the recipient

Figure 2. A, Duration of mechanical ventilation in transfusion-related
acute lung injury (TRALI), possible TRALI, and controls. Overall test

for some difference among the groups had p <0.0001 by generalized
Wilcoxon test (see text for pairwise comparisons). B, ICU length of stay
(LOS) in TRALI, possible TRALI, and controls. Overall test for some
difference among the groups had p <0.0001 by generalized Wilcoxon
test (see text for pairwise comparisons). C, Hospital LOS in TRALI,
possible TRALI, and controls. Overall test for some difference among the
groups had p <0.0001 by generalized Wilcoxon test (see text for
pairwise comparisons).

risk factors tested, only liver surgery (transplantation) and
fluid balance before transfusion were statistically significantly
associated with these clinical outcomes. Liver surgery (trans-
plantation) was associated with a shorter ICU LOS in TRALI
patients (Table 5). Higher fluid balance before transfusion was

TABLE 4. Clinical Outcomes in Transfusion-Related Acute Lung Injury Cases and Controls

Variable

Transfusion-Related Acute Lung

Controls (n = 164)

ICU discharge status (%)

Alive 88 (563.7)
Deceased 1(0.6)
Not applicable 75 (45.7)
Hospital discharge status (%)
Deceased 7 (4.3)
Discharged home 197 (774)
Nursing home 26 (156.9)
Other hospital 4(2.4)

TLAGESK: 1))

76 (85.4)
10(11.2)
3(34)

< 0.0001

15 (16.9)

59 (66.3)
9(10.1)
6 (6.7)

0.0014

“Not applicable” is patients not in an ICU.
Values are number (%). p value based on chi-square test.
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TABLE 5. Predictors of Decreased Duration of Mechanical Ventilation and ICU or Hospital
Length of Stay in Transfusion-Related Acute Lung Injury Cases

Variable

Mechanical Ventilation?

ICU Length of Stay?

Hospital Length of Stay?

Recipient risk factors

Liver surgery (transplantation)

1.65 (0.70-3.5),

1.98 (1.01-3.9), 1.34 (0.70-2.6),

p=0.28 p=0.045 p=0.38
Fluid balance before transfusion (increment 1.03 (1.001-1.06), 1.02 (0.995-1.05), 1.01 (0.98-1.04),
per liter) p=0.041 p=0.12 p=054

Transfusion risk factors

Plasma from female donor

1.05 (0.67-1.94),

1.29 (0.80-2.09), 1.16 (0.72-1.86),

p=0.86 p=0.30 p=0.54
Total quantity of cognate anti-HLA-class Il 1.31 (0.93-1.83), 1.36 (1.03-1.80), 1.23 (0.93-1.61),
(MFI>1,500) (per 10-fold p=0.12 p=0.03 p=0.14

increase)

Total volume of anti-human neutrophil antigen
positive by granulocyte immunofluorescence
test among all units (per 100-mL increase)

Total quantity of cognate anti-HLA-class | (MFI >
2,500) (per 10-fold increase)

1.04 (0.90-1.21),
p=0.,8

1.08 (0.87-1.35),
p=048

1.03 (0.90-1.18),
p =067

1.06 (0.92-1.23),
p=0.41

1.04 (0.86-1.25),
p=068

0.98 (0.82-1.17),
p=0.84

HLA = human leukocyte antigen, MFI = mean fluorescent intensity.

2All values from two-predictor models, adjusted for Acute Physiology and Chronic Health Evaluation Il score.

Estimated hazard ratios (HRs) and 95% CI from proportional hazards models. For example, the HR of 1.03 for fluid balance in the Mechanical Ventilation column
indicates that the chance of extubation at any given time increases by 3% for each 1L increase in fluid balance.

associated with a shorter duration of mechanical ventilation in
TRALI patients and a trend toward short ICU LOS (Table 5).

We have previously reported that the volume of strong, cog-
nate HLA class II antibody and the amount of human neu-
trophil antigen (HNA) antibody transfused were significant,
independent risk factors for TRALI (9). We tested if these two
strong predictors, and also the transfusion of plasma from
female donors, impacted clinical outcomes in TRALI patients.
Transfusion of plasma from female donors or HNA anti-
body did not appear to substantially impact length of time of
mechanical ventilation or the number of days in the ICU or
hospital (Table 5). On the other hand, the quantity of strong,
cognate HLA class II antibody transfused was initially associ-
ated with a shorter ICU LOS after adjusting for APACHE II
score and trends toward shorter duration of mechanical ven-
tilation and shorter hospital LOS (Table 5). To assess possible
confounding with clinical factors, we additionally controlled
for liver surgery and fluid balance, which weakened the effects
of the amount of strong, cognate HLA class II antibody to HRs
of 1.23 (95% CI, 0.86—1.75; p = 0.25) for duration of mechani-
cal ventilation, 1.29 (95% CI, 0.96-1.73; p = 0.09) for ICU LOS,
and 1.15 (95% CI, 0.86—-1.54; p = 0.33) for hospital LOS.

DISCUSSION

The principal findings of this study of TRALI in general,
transfused patients can be summarized as follows: 1) TRALI
produced a signature of vital sign abnormalities that mirrors
the systemic inflammatory response, with elevated body tem-
peratures, tachycardia, tachypnea, lower blood pressure, and in
many cases, the need for new mechanical ventilation (78%) and

Critical Care Medicine

vasopressor therapy (25%); 2) TRALI patients had a decrease
in platelet counts and an increase in neutrophils and proin-
flammatory and anti-inflammatory cytokines in the peripheral
blood; 3) TRALI patients had substantial in-hospital morbid-
ity with a longer duration of mechanical ventilation and longer
ICU and hospital stays; and 4) possible TRALI cases had even
higher morbidity and mortality compared with TRALI cases.

The diagnosis of TRALI is made using clinical criteria and
clinical judgment, which can be challenging in cases in which
other ALI risk factors are present or when it is difficult to discern
the volume status of the patient to exclude TACO. The finding of
systemic inflammatory response syndrome (SIRS)-like physiol-
ogy and hemodynamic instability in TRALI cases should help
clinicians in the determination of TRALI probability, although
it is imperative to consider the many causes of ALI that could
also produce these characteristic features, including bacterial
contamination of transfused blood products (12). Leukocytosis
or leukopenia is a SIRS criterion and others have reported
dynamic leukopenia in TRALI cases (13-17) and in TRALI ani-
mal models (18). However, mean changes in leukocytes among
TRALI cases within 12 hours after the onset of edema were
similar to those of controls in our study, and the development
of severe leukopenia was observed in very few cases.

It has been presumed that TRALI would produce characteristic
inflammatory changes that have been observed in patients with
AL from varied etiologies. Indeed, in many of our TRALI cases,
we were able to compare the inflammatory profile in the plasma
before and soon after the development of pulmonary edema. We
also identified cases of possible TRALI in whom the etiology of
ALI was assessed by expert opinion to not be transfusion related.
1685
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The plasma cytokine profile in TRALI cases mirrored closely the
cytokine profile in possible TRALI cases with a balance of pro-
inflammatory and anti-inflammatory mediators. The increase in
neutrophil counts 24-48 hours after onset of edema in the TRALI
group is consistent with a compensatory inflammatory response,
and the decrease in platelet counts has been observed in experi-
mental TRALI (19), TRALI case reports (13-15), and in patients
with acute respiratory distress syndrome (ARDS) (20).

The requirement for mechanical ventilation (4) and for lon-
ger duration in TRALI patients compared with transfused con-
trols (21) is consistent with previous reports. A limitation of the
mechanical ventilation analysis is that we restricted our analysis
to patients intubated within 24 hours before or 24 hours after
transfusion, which limits the generalizability of our findings to
all transfused, critically ill patients. Reports of TRALI mortality
rates have varied from 5% to 35% (22) with larger cases series
on the lower end of this range (4). We observed an in-hospital
mortality rate of 17% in our TRALI patients, which is likely
influenced both by the development of TRALI and also under-
lying clinical factors that prompted transfusion therapy.

A novel finding of this study is that possible TRALI patients
had worse outcomes including a higher mortality compared
with TRALI patients. The likely explanation for the worse
clinical outcomes is that by definition, there was a temporal
relationship to an alternative ALI risk factor in possible TRALI
cases (2), and per the clinical judgment of the expert panel,
the underlying ALI risk factor in these cases was the major fac-
tor causing ALIL. Indeed, the mortality of ALI/ARDS is 35-40%
(23), which is nearly identical to the observed mortality of pos-
sible TRALI in our study. The Leukocyte Antibody Prevalence
Study-II also showed that the occurrence of possible TRALI
was unrelated to HLA antibody status of the blood product
donor, and therefore, possible TRALI was likely not a result of
the blood transfusion (24). There are two implications of this
finding. First, it provides an explanation for why in this same
study population, we found that TRALI prevalence decreased
but possible TRALI prevalence did not decrease with imple-
mentation of plasma from predominately male donors (9).
This implies different etiologies for TRALI and possible TRALI
and suggests that TRALI is indeed related in part to transfusion
factors, whereas possible TRALI is related to ALI risk factors
and not to transfusion factors. Second, possible TRALI cases
should perhaps be separated from TRALI cases in studies and
reports, including Food and Drug Administration incidence
reports since the likely etiologies, outcomes, and effective miti-
gation strategies are different. Perhaps, “transfused ALI” or
“transfused ARDS” (25) may be a more appropriate designa-
tion than “possible TRALI” for transfused patients who develop
new ALI during or within 6 hours of transfusion, when there is
a clear temporal relationship to an alternate risk factor for ALL

We did not identify any donor or recipient risk factors that
were associated with prolonged mechanical ventilation or
ICU and hospital LOS in TRALI cases. We did identify that
liver transplantation was associated with a shorter ICU LOS,
which is not surprising because these patients generally have
uneventful postoperative courses. TRALI patients with a higher
1686
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positive fluid balance before transfusion had shorter duration
of mechanical ventilation. This finding may be explained by
these patients being more diuretic-responsive posttransfusion
and thus similar to TACO patients, although we do not have
any evidence for the effect of diuretics in these patients.

The only transfusion risk factor that was initially statistically
significantly associated with TRALI outcomes was the amount of
strong, cognate HLA class II antibody, which is an independent
risk factor for the development of TRALI (9). This risk factor was
associated with less in-hospital morbidity, although the associa-
tions were small and not statistically significant when controlled
for liver surgery and fluid balance. Of note, in our previous study,
we did not find that the accumulation of lysophosphatidylcho-
lines in stored blood products was associated with the develop-
ment of TRALI (9). However, we did not test for alternative lipid
mediators that accumulate during the storage of leukoreduced
blood products and that may be associated with the development
of TRALI and TRALI clinical outcomes, because this new infor-
mation was published after our study ended (26).

Our study has some limitations. First, this study was nec-
essarily observational, because TRALI could not be randomly
assigned. Although we evaluated many possible confound-
ers, it is possible that unmeasured or unknown confounders
could have biased our results since our control patients were
not matched for baseline characteristics and comorbidities.
Matching for baseline characteristics and comorbidities during
study enrollment would have been a better approach to study-
ing the clinical course and outcomes of TRALI cases and con-
trols but would not have provided the flexibility to investigate
TRALI prevalence and risk factors. Second, to minimize selec-
tion bias, we did not use a design that would have required writ-
ten informed consent, which would have prevented enrollment
of many TRALI cases, and consequently, we did not mandate
the collection of blood or laboratory tests in TRALI cases or
controls. Therefore, we have some missing data, especially for
the plasma cytokine studies, which combined with varying col-
lection intervals for cytokine measurements relative to trans-
fusion limit our power to detect differences between groups.
Third, our study spanned a period of pre- and post-TRALI
mitigation, but our analysis comprised the entire study period,
so we are unable to comment separately on the clinical course
and outcomes of TRALI in the pre- versus postmitigation era.
Finally, our study was limited to two academic medical centers
in the United States and may not be representative of the expe-
rience at all medical centers.

CONCLUSIONS

In this large, controlled, prospective study of TRALI, we found
that TRALI was associated with SIRS-like physiology, which
makes it difficult to separate clinically from acute infections and
ALI TRALI produced substantial in-hospital morbidity, with
many patients requiring vasopressor and mechanical ventilation
support leading to prolonged stays in the ICU and hospital and a
mortality rate of 17%. Patients with possible TRALI had greater
morbidity and mortality, suggesting that the underlying ALI risk
factor in these cases is the major factor causing ALI and possibly
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not the transfusion event. TRALI remains a serious complication
of transfusion therapy and efforts should continue to identify
high-risk donors and mitigate exposure to susceptible recipients.
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