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S INCE its original description,1,2 transfusion-related 
acute lung injury (TRALI) has been found to be the 

most common cause of transfusion-related mortality.3 
Recent mitigation efforts, such as the use of plasma from 
predominantly male donors, appear to have decreased the 
incidence of TRALI4 although in 2013 TRALI continued to 
represent the largest single cause of transfusion-related mor-
tality reported to the Food and Drug Administration.3

Transfusion-related acute lung injury (ALI) is defined as 
new ALI that develops during or within 6 h of transfusion 
with no temporal relation to an alternative risk factor of 
ALI.5 The definition of ALI requires impaired gas exchange 
defined as a Pao2/FIo2 ratio of 300 mmHg or less. The etiol-
ogy of TRALI is thought to be related to leukocyte anti-
bodies or biologically active compounds contained in the 
transfused plasma, which interact with susceptible recipient 
leukocytes to cause lung injury.4,6–8 We hypothesized that 
transfusion could have a wider range of pulmonary effects 
and that the definition of TRALI identifies only the most 
severe injury. We have identified small, but statistically sig-
nificant, decrements in pulmonary gas exchange associated 

with transfusion of fresh and stored autologous erythrocytes 
in healthy volunteers.9 Active surveillance programs have 
been useful in identifying the cases of TRALI that might 
otherwise have gone unnoticed4 but cannot detect cases of 
more subtle pulmonary changes with blood transfusion.

In the current study, we sought to test our hypothesis that 
transfusion can cause pulmonary changes less severe than that 
defined by TRALI, by identifying diminished gas exchange 
in patients receiving blood transfusions during surgery. We 
studied patients undergoing elective major spine surgery 
who were anticipated to require erythrocyte transfusion. 

What We Already Know about This Topic

•	 Transfusions	are	associated	with	 the	potential	 for	producing	
varying	degrees	of	acute	lung	injury	that	is	an	important	cause	
of	morbidity	and	mortality

What This Article Tells Us That Is New

•	 In	 this	study,	 transfused	erythrocytes	 in	surgical	patients	did	
not	impair	gas	exchange	as	assessed	by	Pao2/Fio2
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ABSTRACT

Background: Transfusion-related acute lung injury incidence remains the leading cause of posttransfusion mortality. The 
etiology may be related to leukocyte antibodies or biologically active compounds in transfused plasma, injuring susceptible 
recipient’s lungs. The authors have hypothesized that transfusion could have less severe effects that are not always appreciated 
clinically and have shown subtly decreased pulmonary oxygen gas transfer in healthy volunteers after transfusion of fresh and 
21-day stored erythrocytes. In this study, the authors tested the same hypothesis in surgical patients.
Methods: Ninety-one patients undergoing elective major spine surgery with anticipated need for erythrocyte transfusion were 
randomly allocated to receive their first transfusion of erythrocytes as cell salvage (CS), washed stored, or unwashed stored. 
Clinicians were not blinded to group assignment. Pulmonary gas transfer and mechanics were measured 5 min before and 
30 min after erythrocyte transfusion.
Results: The primary outcome variable, gas transfer, as assessed by change of Pao2/FIo2, with erythrocyte transfusion was not 
significant in any group (mean ± SD; CS: 9 ± 59; washed: 10 ± 26; and unwashed: 15 ± 1) and did not differ among groups 
(P = 0.92). Pulmonary dead space (VD/VT) decreased with CS transfusion (−0.01 ± 0.04; P = 0.034) but did not change with other 
erythrocytes; the change from before to after erythrocyte transfusion did not differ among groups (−0.01 to +0.01; P = 0.28).
Conclusions: The authors did not find impaired gas exchange as assessed by Pao2/FIo2 with transfused erythrocytes that did or 
did not contain nonautologous plasma. This clinical trial did not support the hypothesis of erythrocyte transfusion-induced 
gas exchange deficit that had been found in healthy volunteers. (Anesthesiology 2015; 123:126-35)
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To identify subtle changes in gas exchange and pulmonary 
mechanics, we evaluated pulmonary function and mechan-
ics in surgical patients immediately before and shortly after 
transfusion and compared groups randomly allocated to 
receive as their first transfusion autologous or allogeneic 
erythrocytes with or without the associated plasma. Trans-
fusion of erythrocytes without associated plasma served as 
a control to test whether changes, if any, are related to any 
substance(s) contained in the plasma.

Materials and Methods
After approval by the institutional review board of the Uni-
versity of California, San Francisco and with each patient’s 
informed written consent, we enrolled patients 16 to 75 yr 
old undergoing elective major spinal surgery at a univer-
sity hospital with expected surgical blood loss sufficient to 
require erythrocyte transfusion from May 2006 to April 
2010.* Patients were recruited in the preoperative clinic. We 
excluded patients who had pulmonary disease, abnormal 
pulmonary function or gas exchange by history or physical 
examination, and preoperative measurement of oxyhemo-
globin saturation (pulse oximetry); had undergone any oper-
ative procedure within 1 week of study; active infection; and 
cardiac failure (defined as New York Heart Association Class 
III or IV failure, for example, symptom free only at rest or 
with symptoms at rest). The original protocol sought to test 
unwashed autologous erythrocytes against washed autolo-
gous erythrocytes (including erythrocytes salvaged from 
the surgical field and washed) and washed and unwashed 

allogeneic erythrocytes. We did not seek to examine the 
effect of fresh-frozen plasma (FFP). However, shortly after 
the initiation of the trial, clinical practice changed, and 
very few patients subsequently donated and stored their 
autologous blood preoperatively in advance of their surgery. 
Leukoreduction of erythrocyte components also became 
standard, and there was no opportunity to test the effect of 
leukoreduction. Consequently, we report here the protocol 
and the results as it was modified shortly after enrollment 
was initiated. We tested the pulmonary effects of transfu-
sion of allogeneic unwashed erythrocytes, which included 
the remaining allogeneic plasma, against the controls of allo-
geneic washed erythrocytes and autologous washed erythro-
cytes and thus devoid of allogeneic plasma.

Patients were randomly allocated (computer-generated, 
sealed, opaque envelopes produced by the blinded study 
statistician) to receive erythrocytes that had been salvaged 
from the surgical field and washed (cell salvage [CS]), 
stored and washed allogeneic erythrocytes (washed packed 
erythrocytes), or unwashed stored allogeneic erythrocytes 
(unwashed packed erythrocytes) as their first transfusion in 
a 1:1:1 ratio (fig. 1). All allogeneic erythrocytes were leuko-
reduced. Washing and cell salvaging were performed with 
a Fresenius-Kabi C.A.T.S. (Continuous Auto Transfusion 
System; Germany) centrifugal disk system set to “quality 
wash mode” with a wash ratio of 7:1. Erythrocytes were 
first diluted with approximately 400 ml of normal saline to 
prevent excessive cell lysis and then processed and washed 
with approximately 1,200 ml of saline. For cell salvaging, 
blood was collected continuously from the surgical field, 
diluted during collection, and then processed and washed 
in a similar manner. We studied the first transfusion for each 
patient to avoid possible confounding effects of any previous 

95 Patients
Screened

91 patients
Enrolled & Studied

10 Patients
Pre-Donated Blood

81 Patients
Without Pre-donation

Randomization

Washed Erythrocytes
22 Patients

Cell Saver
29 Patients

Unwashed Erythrocytes
26 Patients

Acutal First Transfusion

Washed Erythrocytes: 16 Pt’s
Cell Saver: 5 Pt’s

Unwashed Erythrocytes: 1 Pt

Cell Saver: 19 Pt’s
Unwashed Erythrocytes: 6 Pt’s

Whole Blood: 1 Pt
FFP: 3 Pt’s

Washed Erythrocytes: 2 Pt’s
Cell Saver: 5 Pt’s

Unwashed Erythrocytes: 16 Pt’s
Whole Blood: 1 Pt

FFP: 2 Pt’s

Washed Auto Erythrocytes
1 Patient

Cell Saver
6 Patients

Unwashed Auto Erythrocytes
3 Patients

Washed Auto
Erythrocytes:1 Pt

Cell Saver: 4 Pt’s
Unwashed Auto

Erythrocytes: 1 Pt
Whole Blood: 1 Pt

Cell Saver: 1 Pt
Whole Blood: 2 Pt’s

None
4 Patients

Cell Saver: 2 Pt’s
Whole Blood: 1 Pt

FFP: 1 Pt

Summary of Actual First Transfusion

Cell Saver: 36 Pt’s Washed Allogeniec
Erythrocytes: 18 Pt’s

Unwashed Allogeniec
Erythrocytes: 23 Pt’s Whole Blood: 6 Pt’s FFP: 6 Pt’s Auto Unwashed Erythrocytes: 1 Pt.

Auto Washed Erythrocytes: 1 Pt.

Fig. 1. Trial patient flow. FFP = fresh-frozen plasma; Pt = patient.

* The study was not registered at ClinicalTrials.gov. Registration for 
this type of study was not required, or even routine, at the time it 
was initiated.
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transfusion that day. Clinicians were not blinded as to the 
nature of the erythrocytes transfused. It was recognized, a 
priori, before the initiation of the trial, that some patients 
might require erythrocyte transfusion before the type of 
erythrocytes dictated by protocol randomization were avail-
able (e.g., CS). In those cases, transfusion of stored erythro-
cytes was permitted at the discretion of the anesthesiologist. 
We further recognized that this might represent a substantial 
fraction of the patients; thus, a priori, we decided to analyze 
the data according to actual type of erythrocytes received (“as 
treated”), rather than according to the randomization scheme 
(“as randomized”), judging that the former would introduce 
less bias and distortion than the latter. An intention-to-treat 
analysis was also performed and is provided in Supplemental 
Digital Content 1, http://links.lww.com/ALN/B146.

No other clinical decisions were dictated by the research 
protocol. The exact FIo2 was not dictated by the study proto-
col. However, clinicians were encouraged to not alter FIo2 or 
ventilation parameters during the period extending from the 
measurements before transfusion, through transfusion, and 
until following the measurements after transfusion.

All patients underwent general anesthesia according to 
the preference of the attending anesthesiologist. Standard 
patient care usually included somatosensory-evoked and 
motor-evoked potential monitoring. Thus, general anesthe-
sia usually consisted of intravenous infusions of propofol 
and an opioid and an inhaled anesthetic at 0.5 or less mini-
mum alveolar concentration. All patients had an indwelling 
arterial catheter, most commonly in the radial artery, as part 
of their standard care. A central venous catheter was placed 
in some patients as decided by the anesthesiologist.

Baseline data were obtained after induction of general anes-
thesia, insertion of the radial arterial catheter, and final surgical 
positioning. Pao2, PCo2, and pH (arterial blood gas) were mea-
sured using ABL800 FLEX blood gas analyzer (Radiometer 
Medical A/S, Denmark). Pulmonary mechanics data included 
respiratory rate, tidal volume, minute ventilation, peak and 
plateau airway pressure, fraction inspired oxygen concentra-
tion (FIo2), and end-tidal partial pressure of carbon dioxide 
(PETCo2) (GE Datex ohmeda Aisis , United Kingdom). Physi-
ologic or total dead space fraction (VD/VT) was measured with 
the NICo® 7600 (Novametrix Medical Systems Inc., USA).

The primary outcome measure was the change in Pao2/
FIo2 (P/F) ratio from before to after transfusion between 
groups. Secondary outcomes were the changes in VD/VT 
and Pao2 from before to after transfusion. To determine the 
effects of transfusion, measurements were performed 5 min 
before and 30 min after each blood transfusion. Patients 
were followed for 48 h for clinical diagnosis of ALI.

Statistical Analysis
Power Analysis. Sample size was calculated for the outcome 
variable, VD/VT, from preliminary data in this population 
(healthy patients transfused during elective major posterior 
spinal surgery). We did not have sufficient data from these 

patients, with unchanging FIo2 to enable us to use P/F for 
the analysis. A power analysis for unpaired samples (two 
tailed), with an alpha of 0.05 and a power of 0.8, indicated a 
requirement of 66 patients per group.

Demographic data were compared between the transfu-
sion groups using ANoVA for continuous variables. For cat-
egorical data, Fisher exact test was used for 2 × 2 tables and 
chi-square approximation for larger tables.

Data were analyzed only when available for both before 
and after blood transfusions. Imputation of data was not 
performed. Data before and after blood transfusion were 
compared for each transfusion group separately by paired t 
test. ANoVA was used to compare the transfusion groups 
separately before and after blood transfusion. Multiple 
comparisons were performed when ANoVA demonstrated 
statistical significance using the Tukey–Kramer honest sig-
nificant difference. A mixed-effects model was performed 
using all data for the repeated-measures effect before versus 
after transfusion and the between transfusion group effect 
and their interaction (two-way repeated-measures ANoVA).

The primary and secondary outcomes, Pao2/FIo2 ratio, 
Pao2, and VD/VT, were analyzed for all patients where com-
plete data existed for before and after transfusion. Pao2/FIo2 
ratio and Pao2 only were analyzed in patients in whom FIo2 
did not change (<10%).

Data are reported as mean ± SD with 95% CIs where indi-
cated. All statistical tests were two tailed. P value less than 0.05 
was considered statistically significant. All data analyses were 
performed with JMP 10.0 (SAS Institute, USA).

Results

Demographics and Transfusion
Ninety-five patients were screened; of these, 91 were enrolled 
and studied (fig. 1). Table 1 shows the demographic informa-
tion according to the actual first blood transfusion received. 
Three patients had surgery in the supine position, 7 patients 
had surgery in both the supine and prone positions, and 81 
patients had surgery in only the prone position. Transfusions 
were given only during stable periods in a single position, 
either supine or prone.

Primary Outcome Variable
P/F Ratio. Baseline P/F ratio did not differ among groups 
(P  =  0.19; table  2). Change of P/F from before to after 
transfusion (∆P/F, mean ± SD) did not differ among groups 
(CS: 9 ± 59 mmHg [95% CI, −11 to 29 mmHg]; washed 
allogeneic: 10 ± 26 mmHg [95% CI, −3 to 24 mmHg]; 
and unwashed allogeneic: 15 ± 51 mmHg [95% CI, −11 
to 38 mmHg]; P  =  0.92). There were no P/F differences 
among erythrocyte types either before (P  =  0.55) or after 
(P = 0.45) transfusion (table 3). No significant changes in 
P/F ratio occurred from before to after transfusion for any 
type of erythrocytes (P = 0.12 to 0.37; table 3 and fig. 2). 
These results were confirmed by analysis by the mixed-effects 
model: there were no differences before and after transfusion 
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(P  = 0.42) or between transfusion groups (P  = 0.80). The 
comparable intention-to-treat analysis is shown in Supple-
mental Digital Content 1, tables 2 and 3, http://links.lww.
com/ALN/B146.

Secondary Outcome Variables
Dead Space (VD/VT). Baseline VD/VT did not differ between 
groups (P = 0.92; table 2). ∆VD/VT did not differ among 
groups (P = 0.28). VD/VT decreased slightly but statistically 
significantly in the CS group from before to after transfusion 
(0.38 ± 0.08 to 0.37 ± 0.08; P = 0.034; table 3 and fig. 3), 
but did not change significantly in the other two groups 
(washed allogeneic: 0.38 ± 0.08 to 0.37 ± 0.08, P = 0.53 and 
unwashed allogeneic: 0.36 ± 0.09 to 0.37 ± 0.06, P = 0.62). 
VD/VT did not differ among groups either before (P = 0.72) 
or after (P = 0.99) transfusion. These results were confirmed 

by analysis with the mixed-effects model: the statistical sig-
nificance within the CS group was no longer apparent, and 
no differences were found by multiple comparisons.
Pao2. Baseline Pao2 did not differ among groups (table 2). 
For patients in whom FIo2 did not change more than 10% 
from before to after transfusion, there were no differences 
in Pao2 among groups before (P = 0.31) or after (P = 0.26) 
transfusion or from before to after transfusion (∆Pao2; 
P = 0.90; table 3). The mixed-effects model produced simi-
lar results.
Ventilatory Mechanics. Baseline values were not signifi-
cantly different between groups. No differences were found 
in minute ventilation, respiratory rate, tidal volume, peak 
and plateau airway pressure, and static and dynamic com-
pliance before or after transfusion, or between the different 
transfusion groups (table 4).

Table 1. Demographics for the As-treated Population

Cell  
Salvage

Washed  
Allogeneic

Unwashed 
Allogeneic Other All P Value

n 36 (39.6%) 18 (19.8%) 23 (25.3%) 14 (15.4%) 91 (100%)
Age (yr) 57 ± 11 62 ± 8 56 ± 12 45 ± 17 56 ± 13 0.0020
Gender 0.17
    Female 25 (69%) 16 (89%) 14 (61%) 8 (57%) 63 (69%)
    Male 11 (31%) 2 (11%) 9 (39%) 6 (43%) 28 (31%)
Height (cm) 167 ± 6 167 ± 6 167 ± 6 167 ± 6 167 ± 6 0.13
Weight (kg) 83.9 ± 20.0 72.4 ± 14.5 80.5 ± 23.8 75.6 ± 20.1 79.5 ± 20.3 0.22
Body mass index (kg/m2) 30.2 ± 7.0 28.2 ± 5.6 29.5 ± 7.1 27.3 ± 7.1 29.2 ± 6.7 0.53
Tobacco use
    Any 15 (42%) 11 (61%) 7 (30%) 3 (21%) 36 (40%) 0.10
    Current 0 (0%) 0 (0%) 0 (0%) 2 (14%) 2 (2%) 0.011
Ethnicity 0.87
    Caucasian 30 (83.3%) 16 (88.9%) 21 (91.3%) 11 (78.6%) 78 (85.7%)
    Asian 1 (2.8%) 0 (0%) 0 (0%) 0 (0%) 1 (1.1%)
    African American 1 (2.8%) 0 (0%) 0 (0%) 0 (0%) 1 (1.1%)
    Native American/Alaskan 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
    Hawaiin/Pacific Islander 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
    Other/multiethnic 4 (11.1%) 2 (11.1%) 2 (8.7%) 3 (21.4%) 11 (12.1%)
    Hispanic 0 (0%) 0 (0%) 0 (0%) 0 (0%) 4 (4.4%)

Data are mean ± SD or n (%); treatment groups are all erythrocytes as described in the text; “Other” includes fresh-frozen plasma, whole blood, washed 
autologous erythrocytes, and unwashed autologous erythrocytes.

Table 2. Baseline Blood Gas and Gas Exchange Data for the As-treated Population

Cell Salvage Washed Allogeneic Unwashed Allogeneic P Value

n 36 (8.5%) 18 (4.3%) 23 (5.4%)
pH 7.42 ± 0.04 7.44 ± 0.05 7.44 ± 0.04 0.097
PaCO2 (mmHg) 39.3 ± 3.3 38.2 ± 4.3 39.5 ± 3.0 0.46
PaO2 (mmHg) 364 ± 84 375 ± 60 364 ± 83 0.88
HCO3

− (mmol/l) 25.7 ± 2.0 26.1 ± 2.0 27.1 ± 2.3 0.047
Base excess (mmol/l) 1.6 ± 2.3 2.4 ± 2.5 3.4 ± 2.4 0.021
SaO2 (%) 100.0 ± 0.2 99.9 ± 0.2 100.0 ± 0.0 0.55
FIO2 0.91 ± 0.13 (31) 0.89 ± 0.15 (14) 0.92 ± 0.12 0.80
P/F ratio 409 ± 60 (31) 435 ± 88 (14) 389 ± 73 (19) 0.19
VD/VT 0.39 ± 0.07 0.39 ± 0.09 0.39 ± 0.07 0.93

Data are mean ± SD or mean ± SD (n) if n is different from total. Treatment groups are all erythrocytes as described in the text.
P/F ratio = PaO2/FIO2; VD/VT = measured physiological dead space.
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Hemodynamics. There were no differences in baseline 
hemodynamic variables between the groups. Patients 
receiving salvaged erythrocytes had small (4 to 6 mmHg) 
but statistically significant increases in systolic, diastolic, 
and mean blood pressures (P  =  0.008 to 0.029), and 
central venous pressure (P = 0.0026), but only diastolic 
blood pressure differed among groups after transfu-
sion (table 5). Patients receiving allogeneic washed and 
unwashed erythrocytes had no statistically significant 
changes in blood pressure. Heart rate did not change sig-
nificantly in any group. All groups demonstrated small 

(0.1° to 0.2°C) but statistically significant increases in 
core body temperature.
Blood Gases. Baseline arterial blood gas values did not differ 
between the groups (table 2). With transfusion, although a 
few were statistically significant, changes in blood gas values 
were small and of little physiologic consequence (table 6).
Lung Injury. Three patients developed ALI. one of these 
patients developed TRALI in the postanesthesia care unit 
and had received FFP as his/her first transfusion, with a total 
transfusion of 3 units FFP, 1 unit of whole blood (family 

Table 3. P/F, VD/VT, and PaO2 before and after Transfusion of First Erythrocyte Unit

Cell Salvage Washed Allogeneic Unwashed Allogeneic P Value (between)

P/F ratio
    n pairs 34 (47.2%) 17 (23.6%) 21 (29.2%)
    Pre 399 ± 69 421 ± 52 405 ± 76 0.55
    Post 408 ± 59 432 ± 47 420 ± 76 0.45
    ∆ 9 ± 59 10 ± 26 15 ± 51 0.92
    P value (within) 0.37 0.12 0.20
VD/VT

    n pairs 34 (47.2%) 18 (25.0%) 22 (30.6%)
    Pre 0.38 ± 0.08 0.38 ± 0.08 0.36 ± 0.09 0.72
    Post 0.37 ± 0.08 0.37 ± 0.08 0.37 ± 0.06 0.99
    ∆ −0.01 ± 0.04 −0.01 ± 0.04 0.01 ± 0.06 0.28
    P value (within) 0.034 0.53 0.62
PaO2

    n pairs 31 (45.6%) 16 (23.5%) 21 (30.9%)
    Pre 356 ± 82 322 ± 90 362 ± 83 0.31
    Post 360 ± 75 328 ± 90 372 ± 82 0.26
    ∆ 4 ± 55 6 ± 23 10 ± 40 0.90
    P value (within) 0.68 0.30 0.27

Data are mean ± SD. PaO2 data only for patients at constant FIO2. P values are for paired comparisons from before to after transfusion (within) and unpaired 
comparisons between transfusion groups; treatment groups are all erythrocytes as described in the text.
P/F ratio = PaO2/FIO2; VD/VT = measured physiological dead space; ∆ = difference from pre- to posttransfusion.

0

100

200

300

400

500

CS Washed Unwashed

P/F Before and After Transfusion
Before
After

P/F

P=0.37 P=0.12

34 51 203517

P=0.11

Fig. 2. PaO2/FIO2 (P/F ratio) before (unfilled bars) and after (di-
agonal filled bars) in the three transfusion groups: cells saver 
(CS), washed allogeneic erythrocytes, and unwashed allo-
geneic erythrocytes. Data are mean ± SD, with “n” for each 
group shows at the base of the bars. P values are those com-
paring P/F before to after transfusion within each group. There 
were no statistical differences between groups before or after 
transfusion or for changes from before to after transfusion.

-0.1

-0.05

0

0.05

0.1

CS Washed Unwashed

VD/VT Change with Transfusion

VD/VT

34 51 203517

Fig. 3. Changes in physiological dead space (VD/VT) from before 
to after transfusion for each group: cells saver (CS), washed  
allogeneic erythrocytes, and unwashed allogeneic  erythrocytes. 
Data are mean ± SD, with “n” for each group shows at the 
base of the bars. VD/VT in the CS group changed significantly 
with transfusion (P = 0.034) but did not change in the washed 
 allogeneic (P  =  0.53) or the unwashed allogeneic (P  =  0.62) 
transfusion groups. There were no differences among groups 
for changes from before to after transfusion (P = 0.28).
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member donor designated10), and 1 unit of cell-salvaged 
blood. Another patient developed bacteremia and multi-
system organ failure with lung injury, related to a platelet 
transfusion.11 These cases have been reported separately,10,11 
including the evidence for diagnosis. The third patient 
developed hypoxemia postoperatively owing to a pulmonary 
embolus and remained mechanically ventilated after surgery.

Discussion
The major finding of this clinical trial is a lack of impaired 
pulmonary exchange for oxygen with transfusion of a single 
unit of erythrocytes. This pertained to all groups, whether 
plasma was part of the erythrocyte transfusion (unwashed 
group) or not (washed groups). Thus, this clinical trial failed 
to support our hypothesis that an erythrocyte transfusion 
subtly impairs pulmonary gas exchange and that erythro-
cyte transfusion can induce a spectrum of pulmonary injury 
more broad than is described by the definition of TRALI.

This differs from our study in volunteers where we 
detected a decrement in oxygenation with transfusion of 
both fresh and stored erythrocytes.9 Those changes were 
extremely small but were detectable by using a crossover 
design and a repeated-measures analysis. We had thought 
that carefully assessing patients would also be sufficiently 
robust to detect small changes, but the design and statisti-
cal analysis of this clinical trial were less powerful than that 
of the volunteer study. Furthermore, small differences may 
be difficult to detect at high FIo2. The SD of Pao2 greatly 
exceeded the increase in A-a gradient that we were able to 
detect in our volunteer study. other factors, such as the 
changes in cardiac output and mechanical ventilation with 
positive end-expiratory pressure, may also have obscured 
small changes in oxygenation.

In a similarly sized randomized trial in mechanically ven-
tilated critically ill patients, Kor et al.12 examined pulmonary 
changes from before to after transfusion of a single unit of 
erythrocytes, comparing the changes for fresh versus standard 

Table 4. Ventilatory Data for the As-treated Population

Cell Salvage Washed Allogeneic Unwashed Allogeneic P Value (between)

n 36 (46.8%) 18 (23.4%) 23 (29.9%)
Minute ventilation (l/min)
    Pre 5.3 ± 1.3 4.4 ± 1.1 5.3 ± 1.6 0.10
    Post 5.3 ± 1.1 4.4 ± 1.0 5.3 ± 1.4 0.051
    P value (within) 0.80 0.83 0.86
Tidal volume (ml)
    Pre 524 ± 108 492 ± 57 512 ± 96 0.61
    Post 524 ± 99 479 ± 58 516 ± 114 0.25
    P value (within) 0.91 0.19 0.75
Respiratory rate (breaths/min)
    Pre 10 ± 2 9 ± 2 10 ± 2 0.26
    Post 10 ± 2 9 ± 2 10 ± 2 0.19
    P value (within) 1.00 0.59 0.42
Peak inspiratory pressure (cm H2O)
    Pre 23 ± 4 22 ± 4 22 ± 5 0.14
    Post 23 ± 4 21 ± 4 22 ± 5 0.16
    P value (within) 0.50 0.25 0.64
Plateau pressure (cm H2O)
    Pre 20 ± 4 19 ± 4 19 ± 4 (22) 0.32
    Post 20 ± 4 18 ± 4 18 ± 5 (22) 0.28
    P value (within) 0.34 0.26 0.69
PEEP (cm H2O)
    Pre 5 ± 1 5 ± 1 5 ± 1 0.48
    Post 5 ± 1 4 ± 1 4 ± 1 0.10
    P value (within) 1.0 0.096 0.16
Dynamic compliance (ml/cm H2O)
    Pre 29 ± 6 30 ± 6 31 ± 8 0.52
    Post 29 ± 6 29 ± 6 32 ± 8 0.57
    P value (within) 0.61 0.91 0.66
Static compliance (ml/cm H2O)
    Pre 38 ± 18 36 ± 8 39 ± 16 (22) 0.54
    Post 38 ± 16 37 ± 13 40 ± 15 (22) 0.68
    P value (within) 0.84 0.68 0.73

Data are mean ± SD or mean ± SD (n) if n differs. Minute ventilation calculated from respiratory rate and tidal volume. P values are for paired comparisons 
from before to after transfusion (within) and unpaired comparisons between transfusion groups; treatment groups are all erythrocytes as described in the text.
PEEP = positive end-expiratory pressure. 
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issue erythrocytes. They found no differences in changes 
between groups; the before to after changes were small and 
likely not statistically significant (only changes presented, 
without within-group analysis).

In our trial, a clinically very small, but statisti-
cally significant, decrease in dead space (physiological 
improvement) was detected when transfusing salvaged 
erythrocytes, but not when transfusing erythrocytes of the 
other groups. There are several possible reasons for this 
finding. This could reflect an improvement in pulmo-
nary perfusion that accompanied the greater increase in 
mean arterial blood pressure with erythrocyte transfusion 
in this group. The mean arterial pressure increase might 
have been greater in the CS group owing to a number of 
patients having received CS first according not to the ran-
domization scheme, but rather to clinical need. Consis-
tent with this, no decrease in dead space was found in the 
intention-to-treat analysis. Respiratory mechanics, includ-
ing compliance, do not appear to have been a contributing 
factor, as no differences were found before and after trans-
fusion for any related variables. Alternatively, the failure of 
the other two groups to improve VD/VT with transfusion 
could represent an indication that some detrimental factor 
prevented the improvement that was seen with CS trans-
fusion. However, we do not have any data to support or 
refute this theory.

The lack of significant findings may also be an indication 
of the difficulty in attempting to study TRALI prospectively. 
Despite having studied 91 patients, one might consider the 
trial as having been underpowered. However, the observed 
effect was actually in the opposite direction from the changes 
we hypothesized would occur with subclinical TRALI. The 
lower 95% confidence limit for change in P/F ratio was −11 
mmHg, which we do not believe is clinically meaningful. A 
larger trial would narrow confidence limits, but not change 
the fact that our results suggest no statistically or clinical sig-
nificant effect. Therefore, our lack of finding does not appear 
to be due to a type II error.

By definition, TRALI captures only severe cases of pul-
monary function impairment.5 We sought to detect more 
subtle changes, but failed to do so. The etiology of more 
subtle changes, as we found previously,9 may differ from 
that of TRALI. TRALI is hypothesized to result from trans-
fusion of plasma, rather than erythrocytes per se. In a series 
of laboratory experiments, Silliman et al.6,8 showed that 
lung injury in rats can be caused by infusion/transfusion 
of biologically active compounds, such as lysophosphatidyl 
cholines,6,13 arachidonic acid, or 5- and 12-hydroxyeicosa-
tetraenoic acid.8 They hypothesized that the clinical syn-
drome of TRALI resulted from initial neutrophil priming 
(so called “first hit”) that could result from a number of 
clinical circumstances that induce inflammation, such as 

Table 5. Vital Signs for the As-treated Population

Cell Salvage Washed Allogeneic Unwashed Allogeneic P Value (between)

n 36 (46.8%) 18 (23.4%) 23 (29.9%)
Heart rate (beats/min)
    Pre 69 ± 14 66 ± 12 70 ± 11 0.48
    Post 68 ± 10 66 ± 12 70 ± 12 0.53
    P value (within) 0.28 0.95 0.94
Blood pressure systolic (mmHg)
    Pre 109 ± 15 102 ± 13 104 ± 16 0.39
    Post 115 ± 18 106 ± 8 107 ± 17 0.055
    P value (within) 0.018 0.36 0.34
Blood pressure diastolic (mmHg)
    Pre 60 ± 11 55 ± 6 58 ± 10 0.42
    Post 64 ± 12 57 ± 5 59 ± 8 0.031
    P value (within) 0.029 0.15 0.30
blood pressure mean (mmHg)
    Pre 76 ± 12 75 ± 13 75 ± 12 0.86
    Post 83 ± 15 77 ± 8 77 ± 12 0.099
    P value (within) 0.008 0.67 0.60
CVP (mmHg)
    Pre 10 ± 4 (19) 11 ± 3 (17) 9 ± 4 (17) 0.17
    Post 11 ± 4 (19) 11 ± 4 (17) 10 ± 4 (17) 0.85
    P value (within) 0.0026 0.49 0.12
Temperature (°C)
    Pre 36.3 ± 0.8 36.1 ± 0.8 36.1 ± 0.6 (22) 0.22
    Post 36.4 ± 0.9 36.2 ± 0.8 36.3 ± 0.6 (22) 0.26
    P value (within) <0.0001 0.047 0.0010

Data are mean ± SD or mean ± SD (n) if n differs. P values are for paired comparisons from before to after transfusion (within) and unpaired comparisons 
between transfusion groups; treatment groups are all erythrocytes as described in the text.
CVP = central venous pressure.
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surgery. Looney et al.7 similarly were able to produce pul-
monary injury in an immune-mediated mouse model with 
priming of hematopoetic cells and deposition of activated 
neutrophils and platelets. our previous finding of subtle 
changes in pulmonary gas exchange with autologous eryth-
rocyte transfusion in healthy adults could be interpreted 
as support for the nonimmune-based “two-hit” hypoth-
esis, as no allogeneic antibodies could have been involved. 
However, in those healthy volunteers, there was no “first 
hit” or reason for neutrophil priming, and we also found 
no difference between fresh erythrocytes and those stored 
for 21 days. Impugned biologically active compounds 
would have been expected to increase during such storage 
period, and if they are a cause of such changes, then the 
changes should have been larger with transfusion of blood 
stored for a longer period. This cast some doubt on that 
theorized etiology as the cause of the finding. Toy et al.,4 
in a prospective clinical observational trial conducted 
concurrently with the trial we report here, determined 
that both donor and recipient characteristics are associ-
ated with TRALI. The most important transfusion factors 
were the load of strong cognate human leukocyte antigen 
class II and granulocyte antibodies transfused. They found 

that biologically active compounds were not a risk factor 
although the confidence limits were sufficiently wide to 
preclude their elimination as a risk factor. In support of 
the importance of priming as the first hit in the “two-hit” 
hypothesis, Toy et al. found elevated patient interleukin-8 
level before transfusion to be an independent risk factor. 
The work presented here, in failing to find subtle changes 
of pulmonary function in erythrocyte transfusion with or 
without associated plasma and thus, either antibodies or 
biologically active compounds that might be contained in 
plasma, cannot address the veracity of either hypotheses.

our trial had some important weaknesses. First, a sub-
stantial fraction of patients received their first transfusion 
that differed from the randomization scheme. This was dic-
tated by clinical need and could not have been otherwise. 
We have no reason to believe that there was another sys-
tematic reason for this, related to randomization, but can-
not know that with certainty. An intention-to-treat analysis 
did not suggest any different results (Supplemental Digital 
Content 1, tables 1 to 6, http://links.lww.com/ALN/B146). 
The second major weakness is that we did not study as many 
patients as had been suggested by the a priori power analy-
sis, owing the end of the grant period (and, thus, funding). 

Table 6. Arterial Blood Gas Values for the As-treated Population

Cell Salvage Washed Allogeneic Unwashed Allogeneic P Value (between)

n 34 (47.2%) 17 (23.6%) 21 (29.2%)
pH
    Pre 7.41 ± 0.04 7.41 ± 0.05 7.42 ± 0.04 0.55
    Post 7.40 ± 0.05 7.39 ± 0.04 7.41 ± 0.04 0.45
    P value (within) 0.058 0.055 0.057
PaCO2 (mmHg)
    Pre 38.9 ± 3.6 40.4 ± 3.9 38.6 ± 2.5 0.24
    Post 39.8 ± 4.3 39.6 ± 4.2 39.4 ± 2.3 0.94
    P value (within) 0.10 0.47 0.18
PaO2 (mmHg)
    Pre 355 ± 78 328 ± 90 362 ± 83 0.42
    Post 358 ± 81 326 ± 88 372 ± 82 0.23
    P value (within) 0.79 0.81 0.27
HCO3

− (mmol/l)
    Pre 24.5 ± 2.0 25.5 ± 2.2 25.8 ± 3.5 0.17
    Post 24.4 ± 2.1 24.0 ± 1.8 25.0 ± 2.5 0.40
    P value (within) 0.32 0.0002 0.11
Base excess (mmol/l)
    Pre 0.5 ± 2.2 1.5 ± 2.5 1.5 ± 2.6 0.24
    Post 0.0 ± 2.4 −0.2 ± 1.9 1.0 ± 2.8 0.27
    P value (within) 0.025 <0.0001 0.045
SaO2 (%)
    Pre 99.9 ± 0.4 100.0 ± 0.0 99.9 ± 0.4 0.65
    Post 100.0 ± 0.2 99.9 ± 0.2 99.9 ± 0.4 0.71
    P value (within) 0.32 0.33 1.0
FIO2

    Pre 0.89 ± 0.14 0.78 ± 0.20 0.89 ± 0.13 0.047
    Post 0.88 ± 0.17 0.76 ± 0.20 0.88 ± 0.14 0.037
    P value (within) 0.65 0.25 0.56

Data are mean ± SD. P values are for paired comparisons from before to after transfusion (within) and unpaired comparisons between transfusion groups; 
treatment groups are all erythrocytes as described in the text.
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However, P/F ratio actually increased numerically (but not 
statistically) in all transfusion groups, thus offering no sug-
gestion of pulmonary injury. Furthermore, the numerical 
(but not statistical) difference we found is so small as to be 
of unlikely clinical significance. The size of the effect for 
both our primary and secondary outcomes, and the confi-
dence limits, suggests that our conclusions are not due to an 
underpowered study (type II error).

We tested the effects of transfusion of a single, first 
unit of erythrocytes, finding no pulmonary effects. This 
was done to avoid any possible confounding effects of ear-
lier transfusion that could have been with a different sort 
(CS, washed, or unwashed) of erythrocytes. It is possible 
that transfusion of a greater number of erythrocyte units 
would have an effect. However, in a large prospective sur-
veillance case-controlled study, the number of units of all 
components (not just erythrocytes) transfused was not a 
risk factor for the development of clinical TRALI although 
the volumes of transfused human leukocyte antigen class 
II antibody and antihuman neutrophil antigen were.4 The 
volume of transfused lysophosphatidyl cholines was not a 
risk factor in the multivariate analysis of that study.

Last, measurements were made 30 min after transfusion. It 
is possible that this is an insufficient period of time to allow 
for development of lung injury. However, we found subtle gas 
exchange after autologous transfusion in this period of time 
in healthy volunteers,9 and in their perfused rat lung model, 
Silliman et al.6 found that perfusion with plasma from eryth-
rocytes stored for 42 days increased pulmonary artery pressure 
within 10 min, and mortality begins within 30 min in a two-
hit mouse model of TRALI.7 In the clinical circumstance of 
surgery with substantial bleeding, it was not possible to con-
struct a prospective protocol that would have reliably allowed 
us to make measurements at a later time in all patients, with-
out the confounding effect of additional transfusions.

In summary, in a trial of healthy patients undergoing 
elective major spinal surgery, we did not find any indica-
tion of erythrocyte-induced pulmonary injury, independent 
of whether the erythrocytes did or did not have associated 
allogeneic plasma. Thus, we could not support our hypoth-
esis that TRALI might have a more broad range than as indi-
cated by the accepted definition. This finding differs from a 
previous study in healthy volunteers, where transfusion of 
autologous erythrocytes induced very subtle decrements in 
pulmonary gas exchange.
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