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Rationale: Primary graft dysfunction (PGD) is the main cause of early
morbidity and mortality after lung transplantation. Previous studies
have yielded conflicting results for PGD risk factors.

Objectives: We sought to identify donor, recipient, and perioperative
risk factors for PGD.

Methods: We performed a 10-center prospective cohort study enrolled
between March 2002 and December 2010 (the Lung Transplant Out-
comes Group). The primary outcome was International Society for
Heart and Lung Transplantation grade 3 PGD at 48 or 72 hours post-
transplant. The association of potential risk factors with PGD was an-
alyzed using multivariable conditional logistic regression.
Measurements and Main Results: A total of 1,255 patients from 10 centers
were enrolled; 211 subjects (16.8%) developed grade 3 PGD. In multi-
variable models, independent risk factors for PGD were any history of
donor smoking (odds ratio [OR], 1.8; 95% confidence interval [CI], 1.2-
2.6; P = 0.002); Fio, during allograft reperfusion (OR, 1.1 per 10% in-
crease in Fip; 95% Cl, 1.0-1.2; P = 0.01); single lung transplant (OR, 2;
95% Cl, 1.2-3.3; P=0.008); use of cardiopulmonary bypass (OR, 3.4; 95%
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Primary graft dysfunction (PGD) is a form of acute lung
injury occurring after lung transplantation and is the major
cause of early post-lung transplant morbidity and mortality.
Previous studies of PGD clinical risk factors have produced
conflicting results, possibly because of small sample sizes,
inconsistencies in PGD phenotype, and inability to control
for multiple confounding variables.

What This Study Adds to the Field

We performed a multicenter, prospective cohort study of
1,255 lung transplant recipients across 10 US transplant
centers. We identified receipt of an organ from a donor with
any smoking history, elevated Fip, during allograft reperfu-
sion, preoperative sarcoidosis or pulmonary arterial hyper-
tension, use of cardiopulmonary bypass, single lung transplant,
large-volume blood product transfusion, elevated pulmonary
arterial pressures, and overweight or obese recipient body
habitus as risk factors for grade 3 PGD. Several of these risk
factors are potentially modifiable, and thus may suggest pre-
ventative strategies, whereas other risk factors should be pri-
oritized for future mechanistic research efforts.

Cl, 2.2-5.3; P < 0.001); overweight (OR, 1.8; 95% Cl, 1.2-2.7; P = 0.01)
and obese (OR, 2.3; 95% Cl, 1.3-3.9; P = 0.004) recipient body mass
index; preoperative sarcoidosis (OR, 2.5; 95% Cl, 1.1-5.6; P = 0.03) or
pulmonary arterial hypertension (OR, 3.5; 95% Cl, 1.6-7.7; P = 0.002);
and mean pulmonary artery pressure (OR, 1.3 per 10 mm Hg increase;
95% Cl, 1.1-1.5; P< 0.001). PGD was significantly associated with 90-day
(relative risk, 4.8; absolute risk increase, 18%; P < 0.001) and 1-year
(relative risk, 3; absolute risk increase, 23%; P < 0.001) mortality.
Conclusions: We identified grade 3 PGD risk factors, several of which
are potentially modifiable and should be prioritized for future re-
search aimed at preventative strategies.

Clinical trial registered with www.clinicaltrials.gov (NCT 00552357).

Keywords: lung transplantation; clinical risk factors; primary graft
dysfunction
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Primary graft dysfunction (PGD) is a form of acute lung injury
(ALT) that occurs within the first few days after allograft reperfu-
sion in lung transplant recipients. The incidence of PGD is 10-30%
and is the major cause of mortality within the first post-transplant
year (1, 2). PGD leads to increased duration of mechanical ven-
tilation and intensive care unit length of stay, poor functional
outcomes, and increased risk of bronchiolitis obliterans syndrome
(3, 4). Investigations that specifically evaluate PGD risk factors
have the potential to profoundly affect future outcomes in patients
undergoing lung transplantation.

Previous studies of PGD risk factors have produced conflict-
ing results. Some explanations for these variances include small
sample sizes; inconsistencies in PGD phenotype; inability to con-
trol for multiple confounding variables; and frequent use of ret-
rospective, single center, or administrative data sets that lack
rigorous PGD definitions (5, 6).

In 2005, the International Society for Heart and Lung Trans-
plantation (ISHLT) standardized the PGD definition to facilitate
research on risk factors associated with the development of this
syndrome (7). Subsequent studies have demonstrated the con-
struct validity of this definition with clinical outcomes and bio-
logic markers of ALI severity (8, 9). In this study, we aimed to
identify donor, recipient, and perioperative risk factors for PGD
using the ISHLT definition in a large, multicenter, prospective
cohort study design.

METHODS

Study Design and Subject Selection

The Lung Transplant Outcomes Group (LTOG) is a US National Insti-
tutes of Health sponsored, multicenter, prospective cohort study
designed to evaluate risk factors for PGD. Details of subgroups in
the LTOG cohort have previously been described (10-13). We in-
cluded patients aged 18-80 years undergoing single or bilateral lung
transplantation at 10 US transplant centers between March 2002 and
December 2010 (see Table E1 in the online supplement). Clinical
parameters were collected prospectively. Additional information was
verified from the US United Network for Organ Sharing. The institu-
tional review boards at each center approved this study.

Definition of PGD

PGD was graded according to ISHLT criteria, which is based on Pag /
Fip, ratio and the presence of diffuse parenchymal infiltrates in the
allograft on chest radiograph. Chest radiographs were interpreted in-
dependently by two physicians masked to the clinical variables, with
adjudication of conflicts by a third reviewer (PGD grade classification
kappa = 0.95) (7). The primary outcome was the presence of grade 3
PGD (Pag /Fip, ratio < 200) at 48 or 72 hours after transplantation,
previously demonstrated to have construct validity for long-term out-
comes and concurrent lung injury markers (3, 8). We performed a sen-
sitivity analysis using grade 3 PGD occurring at any point within 72
hours of transplantation as a secondary outcome (3).

Candidate Risk Factor Selection and Definition

Potential risk factors for grade 3 PGD previously identified in the liter-
ature or with hypothetical clinical or biologic plausibility were selected
for analysis a priori (5-7, 14-20). Details of covariate definitions are
included in the online supplement.

Statistical Analysis

Candidate risk factors were cross-classified for evidence of collinearity
and zero cell counts. Recipient body mass index (BMI) was included as
a categorical variable in multivariable modeling because of its observed
nonlinearity. Transplant center was evaluated as a fixed effect using
conditional logistic regression. A limited number of hypothesis-driven
interaction terms were evaluated using multiplicative conditional

logistic regression. A parsimonious final model was developed by
eliminating factors that were not confounders based on a less than
20% change in odds ratio (OR). Ischemic time was forced into the final
multivariable model. A preoperative diagnosis of pulmonary arterial
hypertension was evaluated in a multivariable model without mean
pulmonary artery pressure (mPAP) and bypass use given the strong col-
linearity with these variables. A secondary analysis evaluating risks
within bilateral lung transplant (BLT) and single lung transplant
(SLT) recipient groups individually was also performed. We approached
the problem of missing data using multiple imputation. Analyses pro-
ceeded by use of 10 imputed datasets, and confidence intervals (CIs)
for point estimates of the ORs were determined using the “mim” com-
mand in STATA 11.2 software (STATA Corp., College Station, TX).
Postestimation marginalized standardized risks for grade 3 PGD were
calculated based on the final logistic regression model for selected
categorical variables. Individual data elements had varying degrees of
missing data, ranging from 0-46% (see Table E2). STATA 11.2 was
used for all analyses; GraphPad Prism 5 (GraphPad Software, La Jolla,
CA) was used for generating graphs.

RESULTS

There were 2,011 lung and heart-lung transplants performed at
study centers during the study period. Of these, 1,255 patients
were enrolled in the cohort study (Figure 1). There were no
significant differences in sex or age, but there was more chronic
obstructive pulmonary disease, less cystic fibrosis, and more
SLT in the enrolled group (see Table E3). A total of 211 sub-
jects (16.8%; 95% CI, 14.7-18.9) met criteria for grade 3 PGD,
and 386 subjects (30.8%; 95% CI, 28.2-33.3) met the secondary
PGD definition of grade 3 PGD at any time during the first
72 hours after transplantation.

Clinical characteristics are presented in Table 1. Of the 479
subjects receiving a lung from a donor with any previous smok-
ing history, 101 (21%) developed grade 3 PGD, compared with
14% (110 of 776) receiving a lung from a lifelong nonsmoker.

Total transplants

n=2,011

Excluded: n=756
> * Refused n=16
* Not Consented n=414
» Consented but not enrolled
due to logistics n=326
v
Enrolled
n=1,255

PGD Non-PGD
n=211 n=1,044

Figure 1. Flow diagram for subject enrollment. Of 2,011 transplants
performed at the participating centers, 1,255 were enrolled in the Lung
Transplant Outcomes Group cohort. “Not consented” refers to patients
who were transplanted before being approached for consent. “Con-
sented but not enrolled due to logistics” includes patients who were
unable to give a blood sample as part of the study.
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TABLE 1. UNIVARIATE ANALYSIS OF DONOR, RECIPIENT IN PERIOPERATIVE VARIABLES STRATIFIED BY PGD STATUS

Covariate PGD (n=211) Non-PGD (n = 1,046) P Value
Donor Variables
Male sex, n, (%) 116 (55) 646 (62) 0.06
Age, mean 35.2 34.4 0.4
Mode of death, n (%) 0.2
Trauma 79 (37) 437 (42)
Stroke 91 (43) 393 (38)
Anoxia 13 (6) 98 (9)
Other 28 (13) 116 (11)
Race, n (%) 0.8
White 137 (65) 665 (64)
African American 45 (21) 216 (21)
Other 29 (14) 163 (15)
Any smoking, yes 101 (48) 378 (36) 0.001
Smoking >20 pack-years, yes 42 (20) 156 (15) 0.07
Heavy alcohol use, yes 28 (13) 160 (15) 0.4
Lowest Pag, on Fip, = 1 290 307 0.1

Recipient Variables

Sex and parity, n (%) 0.04
Male 117 (55) 592 (57)
Female with no pregnancy 19 (9) 136 (13)
Female with one pregnancy 7 (3) 59 (6)
Female with two or more pregnancies 68 (32) 257 (25)
Age, mean 533 53.6 0.8
BMI, mean 26.8 24.7 <0.001
BMI category, n (%) <0.001
<18.5 16 (8) 103 (10)
18.5-25 55 (26) 454 (43)
25-30 90 (43) 349 (33)
>30 50 (24) 138 (13)
Pulmonary diagnosis, n (%) <0.001
Chronic obstructive pulmonary disease 56 (27) 418 (40)
Idiopathic pulmonary fibrosis 91 (43) 364 (35)
Cystic fibrosis 16 (8) 162 (16)
Sarcoidosis 17 (8) 26 (2)
Pulmonary arterial hypertension 12 (6) 28 (3)
Other 19 (9) 45 (4)
mPAP 34.7 28.0 <0.001
mPAP severity category, n (%) <0.001
<25 mm Hg (normal) 63 (30) 454 (43)
25-40 mm Hg (mild) 83 (39) 475 (46)
41-55 mm Hg (moderate) 47 (22) 89 (9)
>55 mm Hg (severe) 18 (9) 26 (2)
PRA class 1, n (%) 0.9
No 190 (90) 948 (91)
<10 11 (5) 48 (5)
=10 10 (5) 48 (5)
PRA class 2, n (%) 0.9
No 197 (93) 981 (94)
<20 8 (4) 37 (4)
=20 6 (3) 26 (2)
Race, n (%) 0.008
White 167 (79) 902 (86)
African American 32 (15) 84 (8)
Other 12 (6) 57 (5)

Operative Variables

Ischemic time, min 328 316 0.1
Transplant type, single, n (%) 69 (33) 358 (34) 0.7
Inhaled nitric oxide use, yes, n (%) 80 (38) 393 (38) 0.9
PRBC >1 L, n (%) 71 (34) 210 (20) <0.001
Reperfusion Pcoy, n (%) 0.7

<30 10 (5) 52 (5)

30-50 132 (63) 684 (66)

>50 69 (33) 308 (30)
Crystalloid, ml 945 891 0.6
Reperfusion Fip,, % 67 57 <0.001

(Continued )
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TABLE 1. (CONTINUED)

Covariate PGD (n=211) Non-PGD (n = 1,046) P Value
Reperfusion Fi, category, n (%) <0.001
21-40% 54 (26) 412 (39)
>40% 157 (74) 632 (61)
Cardiopulmonary bypass use, yes, n (%) 131 (62) 335 (32) <0.001

Definition of abbreviations: BMI = body mass index; Fio, = fraction of inspired oxygen; mPAP = mean pulmonary artery pressure; PGD = primary graft dysfunction;

PRA = panel reactive antibodies.
Percentages may not exactly equal 100% because of rounding.

PGD is defined as grade 3 PGD on Day 2 or 3 after lung transplantation. The distribution of variables presented and the associated P values are from a single

representative imputed data set.

Nearly 62% (130 of 211) of patients with grade 3 PGD in the
cohort received bypass during the transplant procedure, and
28% (130 of 467) of patients receiving bypass developed grade
3 PGD. Donor preoperative oxygenation, as determined by
lowest Pap, measured as part of an oxygen challenge before
lung procurement (P = 0.1) or highest oxygen challenge Pao,
(P = 0.2), was not associated with grade 3 PGD (P = 0.1).
Conditional multivariable analyses are presented in Table 2.
In the fully adjusted multivariable model, independent risk fac-
tors for grade 3 PGD included use of cardiopulmonary bypass,
SLT, pulmonary hypertension, a preoperative diagnosis of sar-
coidosis, higher BMI, large-volume PRBC transfusion, donor
smoking history, and increased Fip, during allograft reperfu-
sion. Of the 1,255 transplant recipients, 479 subjects received
an organ from a donor with a history of any prior cigarette use,

whereas 198 received an organ from a donor with a history of
more than 20 pack-years. Receipt of an organ from a donor with
any prior cigarette use was significantly associated with grade 3
PGD (OR, 1.8;95% CI, 1.2-2.6; P = 0.002), whereas receipt of
a lung from a donor with a greater than 20 pack-year history
had an attenuated association with grade 3 PGD (OR, 1.5; 95%
CI, 1.0-2.4; P = 0.06). Because of difficulty in accurately collect-
ing Fip, at reperfusion, the reperfusion Fig, was missing from
46% of all subjects. In a multivariable complete case analysis of
619 subjects with complete reperfusion Fip, information, the
association between reperfusion Fip, and grade 3 PGD was
significant, with a similar point estimate for the OR as in the
fully imputed analysis (OR, 1.1; 95% CI, 1.0-1.3; P = 0.04).
Calculated standardized predicted risks of grade 3 PGD for
significant individual risk factors are presented in Figure 2. The

TABLE 2. MULTIVARIABLE MODEL USING GRADE 3 PGD AT DAY 2 OR 3 AS THE OUTCOME WITH CENTER

AS A GROUPING VARIABLE

Variable Odds Ratio for PGD 95% Confidence Interval P Value
Transplant type

Bilateral Reference Reference Reference

Single 2.0 1.2-3.3 0.008
Cardiopulmonary bypass use 3.4 2.2-53 <0.001
Recipient sex

Male Reference Reference Reference

Female without prior pregnancy 0.9 0.4-2.0 0.9

Female with one prior pregnancy 0.6 0.2-1.9 0.4

Female with two or more pregnancies 1.3 0.9-2.1 0.2
Recipient BMI

18.5-25 Reference Reference Reference

<18.5 1.3 0.6-2.8 0.6

25-30 1.8 1.2-2.7 0.01

>30 2.3 1.3-3.9 0.004
Total ischemic time per hour 1.1 1.0-1.2 0.08
Diagnosis

COPD Reference Reference Reference

IPF 1.2 0.8-1.9 0.3

CF 0.7 0.3-1.4 0.3

Sarcoidosis 2.5 1.1-5.6 0.03

Pulmonary arterial hypertension* 3.5 1.6-7.7 0.002
PRBC transfusion

None Reference Reference Reference

Up to 1L 1.1 0.7-1.8 0.6

>1L 1.9 1.1-3.2 0.01
mPAP per 10 mm Hg 1.3 1.1-1.5 <0.001
Reperfusion Fip, per 10% increase 1.1 1.0-1.2 0.01
Reperfusion Fio, complete case analysis (n = 619) 1.1 1.0-1.3 0.04
Any donor smoking™ 1.8 1.2-2.6 0.002
Donor smoking >20 pack-years" 1.5 1.0-2.4 0.06

Definition of abbreviations: BMI = body mass index; CF = cystic fibrosis; COPD = chronic obstructive pulmonary disease; Fio, =
reperfusion fraction of inspired oxygen; IPF = idiopathic pulmonary fibrosis; mPAP = mean pulmonary artery pressure; PGD =
primary graft dysfunction; PRBC = packed red blood cell transfusion volume.

*The odds ratio for pulmonary arterial hypertension was determined using the full model in the absence of mPAP and bypass

use given collinearity.

T Two alternate determinations of donor smoking history were included in separate multivariable models.
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Figure 2. Standardized grade 3 primary graft
dysfunction (PGD) risk for donor, recipient,
and perioperative variables. Standardized risk
of grade 3 PGD represents the postestimation
marginalized standardized risks for grade 3 PGD
and was calculated based on the final logistic
regression model. Dots represent the point es-
timate for adjusted standardized risk from a lo-
gistic regression equation containing donor
smoking, reperfusion Fip,, total ischemic time,
recipient sex and parity, World Health Orga-

= nization categorized severity of pulmonary hy-
pertension, volume of packed red blood cell
(PRBC) transfusion, recipient body mass index
(BMI), use of cardiopulmonary bypass, trans-
plant type, center, and preoperative diagnosis,
with the bar representing 95% confidence inter-
vals. Standardized risks represent the estimated
risk of grade 3 PGD if all variables were kept
stable except for altering the variable of interest;
for example, the estimated grade 3 PGD risk if
all of the patients alternatively received or did

not receive cardiopulmonary bypass.

Any Donor Smoking No —
Yes —_—
Donor Smoking -
>20 pack-years Y':g —_—
Reperfusion FiO, 21-40% —_—
40-100% —-—
Recipient BMI <18:5 —_—
18:5-25 —a
25-30 —.—
>30 —_—
Pulmonary Normal —
Hypertension Mild —a
Moderate _—
Severe -
Cardiopulmonary Yes [ —
Bypass Use No —a—
PRBC Transfusion None —
Volume <1L —a
>1L _—
Gender and Female with 1 Pregnancy _—
Parity Female with 2+ Pregnancies —_——
Female with No Pregnancy —_—
Male —-—
L U L 1
Q Q ® o © &

Standardized PGD Risk

predicted risk of grade 3 PGD increased with increasing Fip,
during allograft reperfusion from 12% (95% CI, 7-16%) at Fig,
less than 0.4 to 18% (95% CI, 16-21%) at Fip, greater than or
equal to 0.4, an absolute risk increase (ARI) of 6%. Overweight
recipients had an ARI of 7% for grade 3 PGD compared with
normal weight, whereas obese recipients had an ARI of 11% for
grade 3 PGD. Large-volume blood transfusion was associated
with an ARI of 9%, donor smoking was associated with an ARI
of 5%, and cardiopulmonary bypass was associated with an ARI
of 15%.

As shown in Figure 3, there was significant variation in the
incidence of grade 3 PGD across the 10 centers included in the
cohort, ranging from 2-27%. There was no significant detected
interaction of grade 3 PGD risk factors by center, and evalua-
tion of individual significant risk factors within the four largest
centers did not identify substantial variation in risk factor effect
estimates across centers. Sensitivity analyses conducted using
grade 3 PGD at any time point were consistent with analyses
using the primary endpoint (see Table E4), although the asso-
ciation with mPAP (OR, 1.1; 95% CI, 1.0-1.3; P = 0.05) was
attenuated. Additionally, total ischemic time (OR per hour, 1.2;
95% CI, 1.0-1.3; P = 0.005) and pretransplant diagnosis of id-
iopathic pulmonary fibrosis (OR, 1.5; 95% CI, 1.1-2.1; P = 0.02)
demonstrated significant association with development of grade
3 PGD using this alternate outcome definition.

Because of concern that grade 3 PGD after an SLT may be
misclassified secondary to the impact of the native lung on Pag /
Fip, ratio, SLT and BLT were evaluated using separate analyses
(see Table ES). Donor smoking history was significantly associ-
ated with grade 3 PGD in SLT recipients (OR, 2.0; 95% CI, 1.1-
3.7; P = 0.03) and BLT recipients (OR, 1.7; 95% CI, 1.0-2.7;
P = 0.03). Cardiopulmonary bypass use was also a significant
risk factor among single (OR, 5.0; 95% CI, 2.2-11.6; P < 0.001)
and bilateral (OR, 3.7; 95% CI, 2.1-6.3; P < 0.001) recipients.
Increasing mPAP was only significantly associated with grade 3
PGD among BLT recipients (OR per 10 mm Hg increase, 1.3;

95% CI, 1.1-1.6; P = 0.001), although only four SLT recipients
had a mPAP greater than 60 mm Hg.

The impact of grade 3 PGD on unadjusted 90-day and 1-year
mortality is presented in Table 3. The primary definition of
grade 3 PGD at 48 or 72 hours after transplant was associated
with a relative risk (RR) of 4.8 (95% CI, 3.3-7.0; P < 0.001) for
death within 90 days of transplant compared with those without
grade 3 PGD and an ARI of 18% (95% CI, 12-24). Grade 3
PGD was associated with a significantly increased 1-year mor-
tality (RR, 3.0; 95% CI, 2.3-3.9; P < 0.001) compared with
those without grade 3 PGD, and an ARI of 23% (95% CI,
15-30). Although the magnitude of the association between
grade 3 PGD and mortality was attenuated when the alternate
definition of any grade 3 PGD within 72 hours was used in the

Center

- —et—
4 —e——
4
+—o—
T T T L]
0 10 20 30 40

Standardized PGD Incidence

Figure 3. Standardized incidence of grade 3 primary graft dysfunction
(PGD) across the 10 centers. Standardized risk of grade 3 PGD repre-
sents the postestimation marginalized standardized risks for grade
3 PGD and was calculated based on the final logistic regression model.
Dots are the point estimates and error bars represent the 95% confi-
dence intervals.
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TABLE 3. UNADJUSTED ASSOCIATION OF GRADE 3 PGD AT 48 OR 72 HOURS WITH 90-DAY AND

1-YEAR MORTALITY

Qutcome Risk in Those with PGD Risk in Those without PGD Risk Ratio (95% Cl) Risk Difference (95% Cl) P Value
90-d mortality 23% 5% 4.8 (3.3-7.0) 18% (12-24) <0.001
1-yr mortality 34% 11% 3.0 (2.3-3.9) 22% (15-30) <0.001

Definition of abbreviations: Cl = confidence interval; PGD = primary graft dysfunction.

sensitivity analyses, the association remained significant at 90
days (RR, 3.5;95% CI, 2.3-5.1; P < 0.001) and 1 year (RR, 2.5;
95% CI, 1.9-3.3; P < 0.001) (see Table E6).

DISCUSSION

In the first prospective, multicenter cohort study of donor, recip-
ient, and perioperative risk factors for grade 3 PGD after lung
transplantation, we have identified receipt of an organ from a do-
nor with any smoking history, elevated Fip, during reperfusion,
preoperative sarcoidosis, independent of pulmonary pressures
or pulmonary arterial hypertension, use of cardiopulmonary
bypass, SLT, large-volume blood product transfusion, elevated
pulmonary arterial pressures, and overweight or obese recipient
body habitus as risk factors for grade 3 PGD. Several of these
risk factors are potentially modifiable (e.g., F1p, at reperfusion,
obesity) and thus may suggest preventative strategies, whereas
other risk factors should be prioritized for mechanistic research
efforts (e.g., donor smoking status and bypass use). The results
of this study may lead to prospective studies evaluating altera-
tions in perioperative recipient management, donor-recipient
matching, and potentially recipient selection.

Donor cigarette use emerged as a significant risk factor for
grade 3 PGD, consonant with prior findings of mortality (21).
The United Network for Organ Sharing defined donor smoking
history of more than 20 pack-years fails to include active smokers
with less than 20 pack-years of tobacco exposure and was not
statistically significantly associated with grade 3 PGD, possibly
because of the small number of high pack-year donors identi-
fied in the cohort. Defining donor smoking as any tobacco use
includes low total pack-year, active smokers, who may in fact
represent a higher-risk donor pool. Our findings are consis-
tent with previous smaller studies suggesting increased risk of
grade 3 PGD, higher alveolar-arterial oxygen gradients, and
longer intensive care unit length of stay in recipients of lungs
from previous smokers (20, 22). The mechanisms of this associ-
ation are unclear, but cigarette exposure may result in increased
oxidative injury and nicotine exacerbates reperfusion injury in
experimental models (23). Because smoking status has recently
been shown to increase the risk of ALI in trauma patients, it is
plausible that tobacco smoke exposure in the donor lung might
exacerbate lung injury that occurs at the time of allograft reper-
fusion (24). However, given the limited pool of available lung
donors, it is not currently feasible to exclude patients who were
previous smokers as potential lung donors. A recent Lancet
study demonstrated that, although recipient survival was worse
after receipt of a lung from a smoking donor compared with
a nonsmoking donor, overall survival was significantly better
than if the recipient continued on the wait list (21). However,
given that current methods of determining donor smoking his-
tory from interview of surrogates may be prone to measurement
bias, we believe that more accurate quantification of smoking
exposure in donors and research into mechanisms of donor
smoking on increasing grade 3 PGD risk are important priori-
ties for future investigation (24, 25).

Increased Fig, during allograft reperfusion was strongly as-
sociated with development of grade 3 PGD, independent of

transplant type, bypass use, and pretransplant diagnosis. Cold
ischemia of the allograft followed by reperfusion results in a sig-
nificant oxidative burst (26), which may overwhelm cellular an-
tioxidant pathways and lead to cellular necrosis and apoptosis,
production of proinflammatory cytokines, and worsening edema
and gas exchange in animal models (27). Although we attemp-
ted to determine the Fip, for each subject before allograft reper-
fusion, we appreciate that Fip, is a dynamic variable, which may
have been confounded by patient needs during the surgical pro-
cedure. Despite the prospective nature of the study and the
inclusion of reperfusion Fip, on the case report forms, we were
only able to obtain accurate information on this variable for
54% of the study subjects. However, variability in Fio, used
at reperfusion by center suggests that there is variation in
practice-related preference, and not simply a direct result of
response to intraoperative changes in physiology. Two centers
with the lowest PGD incidence also had the lowest mean reper-
fusion Fip,. Although high reperfusion Fip, secondary to poor
functioning of the allograft at the time of reperfusion is not
a modifiable PGD risk factor, intraoperative practice patterns
and preferences may be modifiable. Future investigations eval-
uating interventions aimed at decreasing reperfusion Fip,, while
also evaluating immediate allograft function at reperfusion, are
warranted.

Tidal volume per kilogram of ideal body weight at reperfusion
was not associated with the development of PGD. We were un-
able to assess the relationship between postoperative ventilator
strategies and PGD. Although high tidal volume ventilation has
been shown to be a risk factor for ALI, many subjects developed
PGD before a time when postoperative ventilatory management
would be predicted to affect the risk of ALI (28-30). Ventilator
management decisions are made concurrently with the develop-
ment of PGD, making it difficult to determine whether ventila-
tion strategy is a risk factor for PGD or a response to altered
oxygenation. A large percentage of patients are extubated early
after transplant resulting in missing data on ventilator manage-
ment in the postoperative period.

Our study confirms elevated BMI as a potential risk factor for
grade 3 PGD as previously reported in a subset of this cohort
study (12, 17). In addition to obesity, overweight recipient
BMI is also significantly associated with grade 3 PGD risk.
Future efforts aimed at understanding the mechanistic link of
adiposity and grade 3 PGD are warranted. Although we were
also able to establish an association between the use of cardio-
pulmonary bypass and subsequent development of grade 3
PGD, it was not possible to accurately differentiate planned
use of cardiopulmonary bypass from emergent initiation intra-
operatively because of deterioration in patient hemodynamics
or oxygenation. Differentiating emergent initiation of bypass
from planned bypass should be an area of future investigation
because it may lead to important alterations in practice pat-
terns. Additionally, although all centers used controlled re-
perfusion at the cessation of bypass, the exact technique for
reperfusion likely varies by center, and we were unable to fully
capture these practice variations. Likewise, the relationship of
large-volume blood transfusion with grade 3 PGD is difficult to
separate from confounding because of unmeasured procedural
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characteristics leading to transfusion requirements. Nonethe-
less, because blood product transfusion in-and-of-itself is asso-
ciated with ALI in at-risk groups this finding may warrant
further research into mechanisms of increased grade 3 PGD
risk (31).

In our multivariable analysis, elevated mPAP remained a sig-
nificant risk factor, independent of diagnosis and use of cardio-
pulmonary bypass. Potential mechanisms for the elevated grade
3 PGD risk seen with secondary pulmonary hypertension include
endothelial shear stress, or circulating humoral factors associ-
ated with pulmonary hypertension (17). Future research into
these underlying mechanisms may lead to improved preventative
strategies.

PGD incidence varied across the 10 centers included in this
study (Figure 3). The risk factors identified were also signifi-
cantly associated within the four largest centers. Some of the
differences in PGD incidence across center are explained by
risk factor distribution within centers. There was no standardi-
zation of recipient criteria, surgical techniques, or perioperative
management across the centers in this observational cohort.
Intraoperative use of cardiopulmonary bypass ranged from 9-
71% and reperfusion Fip, ranged from 25-90% across centers.
Some centers use cardiopulmonary bypass for all BLT proce-
dures. We believe that further evaluation of individual practice
paradigms at different transplant centers should be an area of
future evaluation.

Several characteristics previously reported as risk factors for
grade 3 PGD were not identified as significant risk factors in our
study. None of the previously identified donor variables, includ-
ing sex, race, age, or mode of death were significantly associated
with grade 3 PGD (14, 18, 20). Although we did not specifically
evaluate a “marginal donor status” definition, our findings may
indicate that standard donor variables do not increase grade 3
PGD risk, and that more sophisticated methods to evaluate
subclinical lung injury in donors are warranted. Although donor
Pag, was not identified as a risk factor for PGD, low donor Pag,
often eliminates a potential organ from use for transplant, thus
limiting the range of Pag, available for analysis. Differences in
our results compared with prior publications may be caused by
the more severe phenotype of PGD used as the primary out-
come and the prospective collection of covariates in our study.

Although PGD presents as a spectrum of disease severity, we
chose a more severe phenotype based on prior research (8). This
PGD definition was very strongly associated with increased risk
of 90-day and 1-year mortality after transplant, demonstrating
the significant impact that grade 3 PGD has on clinical out-
comes in the first year after lung transplantation, and providing
further validity for the ISHLT definition. Furthermore, sensitiv-
ity analyses using an alternate, less severe, PGD definition
yielded similar results.

There are several limitations to this study. There is the poten-
tial that unmeasured confounding or bias secondary to missing
data limited our results. In particular, we were unable to assess
the effects of induction therapy because the practice was com-
pletely uniform within centers during the study time period.
Likewise, although we used multiple imputation to account
for missing data, some of the covariates had large percentages
of missing data, especially reperfusion Fip,, which may have
led to inflated variances caused by uncertainties of imputation.
There is the potential for selection bias because not all trans-
plant recipients from each site were enrolled in the cohort (see
Table E1). However, most sites enrolled most of their patients,
and although there were some differences in baseline variables
between enrolled and nonenrolled patients, no identified risk
factor was more prevalent in the nonenrolled population (see
Table E3). Additionally, although we imposed strict criteria for
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PGD, there remains the potential for misclassification bias. We
attempted to minimize this possibility, however, by indepen-
dently reading radiographs and using a standard definition
(32, 33). Although the ISHLT PGD criteria were first published
online June 4, 2005, patients were enrolled prospectively in
LTOG starting in 2002. One hundred twenty-one patients were
enrolled before the publication of the PGD guidelines; PGD
grades based on the ISHLT guidelines were retrospectively
assigned to these patients. Exclusion of these subjects did not
change the results. Given the long enrollment period for this
study, there is potential for bias based on changes in clinical
practice over time. Although patients were first enrolled in
2002 at a single site, 1,158 of the 1,255 patients (92%) were
enrolled from June 2005 through December 2010, narrowing
the enrollment period for most of the cohort. When evaluating
these patients alone, there were no differences in the risk fac-
tors identified or their ORs. Additionally, the most recent
ISHLT report includes 2004-2010 as a single era when present-
ing survival analyses (34). There were no differences in the
results when transplant year was included as a potential con-
founder of the relationship between our identified risk factors
and grade 3 PGD.

In summary, we identified risk factors for the development of
grade 3 PGD after lung transplantation, and demonstrated the
high attributable mortality of grade 3 PGD in the modern era
of lung transplantation. These findings provide new knowledge
to suggest mechanistic studies, including further evaluation of
the relationship between donor smoking and PGD, and serve
as the basis for evaluating interventions targeting potentially
modifiable risk factors, such as body habitus and reperfusion
Fip,. Our findings can be used to develop predictive models
for PGD that may allow for risk factor modification, more ob-
jective donor-recipient matching algorithms, and lead to a more
detailed understanding of the incremental risk associated with
these factors.
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Participating Centers and Investigators in the Lung Transplant Outcomes Group:
University of Pennsylvania (coordinating site): Jason Christie, M.D., M.S. (PI), Steven
M. Kawut, M.D., M.S., Alberto Pocchetino, M.D., Y. Joseph Woo, M.D., Ejigayehu
Demissie, M.S.N., Robert M. Kotloff, M.D., Vivek N. Ahya, M.D., James Lee, M.D.,
M.S., Denis Hadjiliadis, M.D., M.H.S., Melanie Rushefski, B.S., Richard Aplenc,
M.D., Clifford Deutschman, M.D., M.S., Benjamin Kohl, M.D., Edward Cantu,
M.D., Joshua M. Diamond, M.D., M.S., Rupal . Shah, M.D., and Laurel Kalman.
Columbia University: David Lederer, M.D., M.S. (Pl), Selim Arcasoy, M.D., Joshua
Sonett, M.D., Jessie Wilt, M.D., Frank D’Ovidio, M.D., Lori Shah, M.D., Hilary
Robbins, M.D., Matthew Bacchetta, M.D., Nilani Ravichandran, N.P., Genevieve
Reilly, N.P., Jeffrey Okun, M.D., Debbie Rybak, B.A., Michael Koeckert, B.A., Robert
Sorabella, B.A., Nisha Ann Philip, M.B.B.S., Nadine Al-Naamani, M.D., Matthew
LaVelle, B.S., Megan Larkin, M.P.H., and Shefali Sanyal, B.S. Vanderbilt University:
Lorraine Ware, M.D. (PI), Aaron Milstone, M.D. (PI), Jean Barnes, R.N., Stephanie
Logan, R.N., Carla Ramsey, R.N., Thelma Walden, and Shaquita Claybrooks, R.N.
Stanford University: Ann Weinacker, M.D. (PI), Susan Spencer Jacobs, M.S.N., Val
Scott, M.S.N., and Tal Alfasi, M.S. University of Alabama, Birmingham: Keith Wille,
M.D. (PI), and Necole Harris, R.N. Johns Hopkins University: Jonathan Orens, M.D.
(PI), Ashish Shah, M.D., John McDyer, M.D., Christian Merlo, M.D., M.P.H.,
Matthew Pipeling, M.D., Reda Girgis, M.D., Karen Oakjones, R.N., and April
Thurman. University of Michigan: Vibha Lama, M.D., M.S. (PI), Fernando Martinez,
M.D., M.S., Emily Galopin, Douglas R. Armstrong R.N., M.S., and Mary Maliarik,
B.S. Duke University: Scott M. Palmer, M.D., M.H.S. (PI), David Zaas, M.D., M.B.A.,
R. Duane Davis, M.D., Ashley Finlen-Copeland, M.S.W., Jessica Martissa, and
William A. Davis. University of Chicago: Sangeeta Bhorade, M.D. (PI), and Mark
Lockwood, R.N., M.S.N. University of Pittsburgh: Maria Crespo, M.D. (PI), Joseph
Pilewski, M.D., Christian Bermudez, M.D., and Kathleen Hanze. Indiana Univer-
sity: David S. Wilkes, M.D., David Wilson Roe, M.D., Thomas Wozniak, M.D.,
Ronda L. McNamee, R.N., Kim A. Fox, R.N., Danyel F. Gooch, R.N., and Tonya
Isaacs, R.N.

References
1. Christie JD, Kotloff RM, Ahya VN, Tino G, Pochettino A, Gaughan C,
DeMissie E, Kimmel SE. The effect of primary graft dysfunction on

survival after lung transplantation. Am J Respir Crit Care Med 2005;
171:1312-1316.


http://ajrccm.atsjournals.org/cgi/data/187/5/527/DC1/1
http://www.atsjournals.org

534

2.

10.

11.

13.

14.

15.

16.

17.

Christie JD, Sager JS, Kimmel SE, Ahya VN, Gaughan C, Blumenthal
NP, Kotloff RM. Impact of primary graft failure on outcomes fol-
lowing lung transplantation. Chest 2005;127:161-165.

. Daud SA, Yusen RD, Meyers BF, Chakinala MM, Walter MJ, Aloush

AA, Patterson GA, Trulock EP, Hachem RR. Impact of immediate
primary lung allograft dysfunction on bronchiolitis obliterans syn-
drome. Am J Respir Crit Care Med 2007;175:507-513.

. Whitson BA, Prekker ME, Herrington CS, Whelan TP, Radosevich DM,

Hertz MI, Dahlberg PS. Primary graft dysfunction and long-term
pulmonary function after lung transplantation. J Heart Lung Trans-
plant 2007;26:1004-1011.

. Barr ML, Kawut SM, Whelan TP, Girgis R, Bottcher H, Sonett J,

Vigneswaran W, Follette DM, Corris PA. Report of the ISHLT
Working Group on Primary Lung Graft Dysfunction part IV:
recipient-related risk factors and markers. J Heart Lung Transplant
2005;24:1468-1482.

. de Perrot M, Bonser RS, Dark J, Kelly RF, McGiffin D, Menza R,

Pajaro O, Schueler S, Verleden GM. Report of the ISHLT Working
Group on Primary Lung Graft Dysfunction part III: donor-related
risk factors and markers. J Heart Lung Transplant 2005;24:1460-1467.

. Christie JD, Carby M, Bag R, Corris P, Hertz M, Weill D. Report of the

ISHLT Working Group on Primary Lung Graft Dysfunction part II:
definition. A consensus statement of the International Society for
Heart and Lung Transplantation. J Heart Lung Transplant 2005;24:
1454-1459.

. Christie JD, Bellamy S, Ware LB, Lederer D, Hadjiliadis D, Lee J,

Robinson N, Localio AR, Wille K, Lama V, et al. Construct validity of
the definition of primary graft dysfunction after lung transplantation.
J Heart Lung Transplant 2010;29:1231-1239.

. Prekker ME, Nath DS, Walker AR, Johnson AC, Hertz MI, Herrington

CS, Radosevich DM, Dahlberg PS. Validation of the proposed In-
ternational Society for Heart and Lung Transplantation grading sys-
tem for primary graft dysfunction after lung transplantation. J Heart
Lung Transplant 2006;25:371-378.

Diamond JM, Lederer DJ, Kawut SM, Lee J, Ahya VN, Bellamy S,
Palmer SM, Lama VN, Bhorade S, Crespo M, et al. Elevated plasma
long pentraxin-3 levels and primary graft dysfunction after lung
transplantation for idiopathic pulmonary fibrosis. Am J Transplant
2011;11:2517-2522.

Kawut SM, Okun J, Shimbo D, Lederer DJ, De Andrade J, Lama V, Shah A,
Milstone A, Ware LB, Weinacker A, et al. Soluble P-selectin and the risk of
primary graft dysfunction after lung transplantation. Chest 2009;136:237-244.

. Lederer DJ, Kawut SM, Wickersham N, Winterbottom C, Bhorade S,

Palmer SM, Lee J, Diamond JM, Wille KM, Weinacker A, et al.
Obesity and primary graft dysfunction after lung transplantation: the
Lung Transplant Outcomes Group Obesity Study. Am J Respir Crit
Care Med 2011;184:1055-1061.

Sims MW, Beers MF, Ahya VN, Kawut SM, Sims KD, Lederer DJ,
Palmer SM, Wille K, Lama VN, Shah PD, et al. Effect of single vs
bilateral lung transplantation on plasma surfactant protein D levels in
idiopathic pulmonary fibrosis. Chest 2011;140:489-496.

Christie JD, Kotloff RM, Pochettino A, Arcasoy SM, Rosengard BR,
Landis JR, Kimmel SE. Clinical risk factors for primary graft failure
following lung transplantation. Chest 2003;124:1232-1241.

De Oliveira NC, Osaki S, Maloney J, Cornwell RD, Meyer KC. Lung
transplant for interstitial lung disease: outcomes for single versus bilateral
lung transplantation. Interact Cardiovasc Thorac Surg 2012;14:263-267.

Gammie JS, Cheul Lee J, Pham SM, Keenan RJ, Weyant RJ, Hattler
BG, Griffith BP. Cardiopulmonary bypass is associated with early
allograft dysfunction but not death after double-lung transplantation.
J Thorac Cardiovasc Surg 1998;115:990-997.

Kuntz CL, Hadjiliadis D, Ahya VN, Kotloff RM, Pochettino A, Lewis J,
Christie JD. Risk factors for early primary graft dysfunction after lung
transplantation: a registry study. Clin Transplant 2009;23:819-830.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 187 2013

Meyer DM, Bennett LE, Novick RJ, Hosenpud JD. Effect of donor age
and ischemic time on intermediate survival and morbidity after lung
transplantation. Chest 2000;118:1255-1262.

. Sommers KE, Griffith BP, Hardesty RL, Keenan RJ. Early lung allo-

graft function in twin recipients from the same donor: risk factor
analysis. Ann Thorac Surg 1996;62:784-790.

Whitson BA, Nath DS, Johnson AC, Walker AR, Prekker ME, Radosevich
DM, Herrington CS, Dahlberg PS. Risk factors for primary graft dys-
function after lung transplantation. J Thorac Cardiovasc Surg 2006;131:
73-80.

Bonser RS, Taylor R, Collett D, Thomas HL, Dark JH, Neuberger J.
Effect of donor smoking on survival after lung transplantation: a co-
hort study of a prospective registry. Lancet 2012;380:747-755.

Botha P, Trivedi D, Weir CJ, Searl CP, Corris PA, Dark JH, Schueler
SV. Extended donor criteria in lung transplantation: impact on organ
allocation. J Thorac Cardiovasc Surg 2006;131:1154-1160.

Lawrence J, Xiao D, Xue Q, Rejali M, Yang S, Zhang L. Prenatal
nicotine exposure increases heart susceptibility to ischemia/
reperfusion injury in adult offspring. J Pharmacol Exp Ther 2008;
324:331-341.

Calfee CS, Matthay MA, Eisner MD, Benowitz N, Call M, Pittet JF,
Cohen MIJ. Active and passive cigarette smoking and acute lung in-
jury after severe blunt trauma. Am J Respir Crit Care Med 2011;183:
1660-1665.

Hsieh SJ, Ware LB, Eisner MD, Yu L, Jacob P 3rd, Havel C, Goniewicz
ML, Matthay MA, Benowitz NL, Calfee CS. Biomarkers increase
detection of active smoking and secondhand smoke exposure in
critically ill patients. Crit Care Med 2011;39:40-45.

Stadlmann S, Rieger G, Amberger A, Kuznetsov AV, Margreiter R,
Gnaiger E. H202-mediated oxidative stress versus cold ischemia-
reperfusion: mitochondrial respiratory defects in cultured human
endothelial cells. Transplantation 2002;74:1800-1803.

Ellman PI, Alvis JS, Tache-Leon C, Singh R, Reece TB, Kern JA, Tribble
CG, Kron IL. Hyperoxic ventilation exacerbates lung reperfusion in-
jury. J Thorac Cardiovasc Surg 2005;130:1440.

The Acute Respiratory Distress Syndrome Network. Ventilation with
lower tidal volumes as compared with traditional tidal volumes for
acute lung injury and the acute respiratory distress syndrome. N Engl
J Med 2000;342:1301-1308.

Eisner MD, Thompson T, Hudson LD, Luce JM, Hayden D, Schoenfeld
D, Matthay MA. Efficacy of low tidal volume ventilation in patients
with different clinical risk factors for acute lung injury and the acute
respiratory distress syndrome. Am J Respir Crit Care Med 2001;164:
231-236.

Putensen C, Theuerkauf N, Zinserling J, Wrigge H, Pelosi P. Meta-analysis:
ventilation strategies and outcomes of the acute respiratory distress
syndrome and acute lung injury. Ann Intern Med 2009;151:566-576.

Gajic O, Rana R, Winters JL, Yilmaz M, Mendez JL, Rickman OB,
O’Byrne MM, Evenson LK, Malinchoc M, DeGoey SR, et al.
Transfusion-related acute lung injury in the critically ill: prospec-
tive nested case-control study. Am J Respir Crit Care Med 2007;176:
886-891.

Christie J, Keshavjee S, Orens J, Arcasoy S, DePerrot M, Barr M, Van
Raemdonck D. Potential refinements of the International Society for
Heart and Lung Transplantation primary graft dysfunction grading
system. J Heart Lung Transplant 2008;27:138.

Oto T, Levvey BJ, Snell GI. Potential refinements of the International
Society for Heart and Lung Transplantation primary graft dysfunction
grading system. J Heart Lung Transplant 2007;26:431-436.

Christie JD, Edwards LB, Kucheryavaya AY, Benden C, Dipchand Al,
Dobbels F, Kirk R, Rahmel AO, Stehlik J, Hertz MI. The registry of
the international society for heart and lung transplantation: 29th adult
lung and heart-lung transplant report-2012. J Heart Lung Transplant
2012;31:1073-1086.



	link2external
	link2external
	link2external



