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Abstract
Background—We aimed to identify combinations of biomarkers to enhance the definition of
PGD for translational research.

Methods—Biomarkers reflecting lung epithelial injury (sRAGE and SP-D), coagulation cascade
(PAI-1 and Protein C), and cell adhesion (ICAM-1) were measured in the plasma of 315 subjects
derived from the LTOG cohort at 6 and 24 hours after transplantation. We assessed biomarker
utility in two ways: first, we tested the discrimination of grade 3 PGD within 72 hours; second, we
tested the predictive utility of plasma biomarkers for 90-day mortality.

Results—86/315 subjects (27%) developed PGD. 23 subjects (8%) died within 90 days of
transplantation, of which 16 (70%) had PGD. Biomarkers measured at 24 hours had greater
discrimination than at 6 hours. Individually, sRAGE (AUC 0.71) and PAI-1 (AUC 0.73) had the
best discrimination of PGD. The combinations of sRAGE with PAI-1 (AUC 0.75), PAI-1 with
ICAM-1 (AUC 0.75), and PAI-1 with SP-D (AUC 0.76) had the best discrimination.
Combinations of greater than 2 biomarkers did not significantly enhance discrimination of PGD.
ICAM-1 with PAI-1 (AUC 0.72) and ICAM-1 with sRAGE (AUC of 0.72) had the best prediction
for 90-day mortality. The addition of ICAM-1, PAI-1, or sRAGE to the concurrent clinical PGD
grade significantly improved prediction of 90-day mortality (p<0.001 each).

Conclusions—Measurement of the combination of a marker of impaired fibrinolysis with an
epithelial injury or cell adhesion marker had the best discrimination for PGD and prediction for
early mortality, and may provide an alternative outcome useful in future research.

Keywords
Primary Graft Dysfunction; Lung transplantation; Biomarkers; Acute Lung Injury

Introduction
Primary graft dysfunction (PGD) is a form of acute lung injury (ALI) that develops within
72 hours of lung transplantation. It is defined by the presence of hypoxemia and
radiographic infiltrates [1] and is the major cause of death in the early post-transplant period
[2]. PGD affects 10–30% of all patients receiving lung transplantation [3] and is associated
with an increased risk of bronchiolitis obliterans syndrome (BOS), prolonged
hospitalization, and increased short and long-term mortality [4, 5].

The ISHLT classification system, which grades PGD from 0–3 based on severity of
hypoxemia and presence of radiographic infiltrates, is the currently accepted clinical
definition of PGD [1]. The ISHLT grading system has demonstrated discriminant validity
for survival and individual biomarker profiles [6]. However, the clinical definition of PGD is
categorical and may not capture the full spectrum of PGD; potentially limiting its use in
translational research [7]. Lung injury protein biomarkers may enhance PGD outcome
definition for several reasons. First, they are objective measurements and can be
standardized across centers. Second, they have a broad range and can be analyzed
continuously, giving increased statistical power to smaller studies [8, 9]. Third, markers may
identify biological processes for targeted therapies. Finally, biomarkers have the potential to
strengthen the current clinical definition of PGD by allowing detection of subclinical lung
injury not captured by the clinical grading scheme.

The aim of this study was to identify combinations of mechanism-specific acute lung injury
biomarkers that may enhance the clinical definition of PGD and provide a continuous
outcome to facilitate further research. We chose biomarkers representing three pathways that
have been implicated in ALI and PGD: epithelial injury, endothelial injury, and the
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coagulation cascade. In previous studies, increased post-operative plasma levels of
plasminogen activator inhibitor (PAI-1), soluble receptor for advanced glycation end
products (sRAGE), intercellular adhesion molecule-1 (ICAM-1) and decreased levels of
Protein C have been associated with PGD [10–13]. Plasma surfactant protein-D (SP-D)
levels have been associated with PGD in patients with IPF receiving single lung transplants
[14]. We determined the utility of biomarkers by assessing discrimination for clinically
graded PGD, and evaluating predictive utility for 90-day mortality alone and when added to
concurrent clinical PGD grade.

Methods
Study Population

The Lung Transplant Outcomes Group (LTOG) cohort is a multi-center, prospective study
of lung transplant recipients that has been previously described [10–12]. In prior studies, our
group studied the association between PAI-1, ICAM-1, and Protein C and PGD in a cohort
of 128 subjects and between SP-D and PGD in a cohort of 104 subjects [10, 11, 14]. All
subjects in the present study were enrolled in a prior study of sRAGE with PGD [12]. We
included subjects transplanted between October 2002 and March 2006 from 6 centers with at
least one biomarker measurement at 24 hours, allowing us to analyze all five biomarkers in
an equivalent or larger population than our previous studies. Plasma samples were
prospectively collected 6 and 24 hours after transplantation. Samples were centrifuged
within 60 minutes and then stored at −80°C for subsequent analysis. Clinical data were
collected prospectively for all subjects as described in detail elsewhere [15]. 90-day
mortality information was collected from each center and supplemented with UNOS data.
Mortality data is incomplete because one of our centers does not have institutional review
board (IRB) approval for the collection of long-term outcomes. The IRB’s at each site
approved our study. Informed consent was obtained from each subject enrolled in the cohort.

Determination of PGD Grade
PGD grade was determined using the consensus definition of the ISHLT [16]. Two blinded
physicians examined chest radiographs to assess the presence of PGD. Radiographs and
arterial blood gases were assessed at the time of admission to the ICU after transplantation
(T0), and 24, 48, and 72 hours after transplantation. Radiographs qualified for PGD if the
transplanted lung(s) had diffuse infiltrates. The severity of PGD was graded according to the
PaO2/FiO2 ratio, with a PaO2/FiO2 ratio less than 200 defining grade 3 PGD [10, 15, 16].

Outcomes and Sensitivity Analyses
The primary outcome was the development of grade 3 PGD within 72 hours after
transplantation. We used 90-day mortality as an additional end point to further evaluate the
association of these biomarkers with early outcomes after transplantation. We performed
sensitivity analyses varying the outcome to grade 3 PGD at 24 hours to reflect concurrent
lung injury, and grade 3 PGD at 72 hours, to reflect persistent lung injury. We also evaluated
PGD grade 2 or 3 within 72 hours and PGD grade 1, 2, or 3 within 72 hours as outcomes to
analyze the full spectrum of PGD. We repeated the primary analysis using a restricted cohort
of subjects with all 5 biomarker measurements to ensure that there was no bias from missing
data. We performed a stratified analysis within our 2 largest diagnosis categories (IPF and
COPD) and transplant type to determine whether there were significant differences in
biomarker performance across key clinical co-variates [17]. In sensitivity analyses, we
adjusted for center to evaluate potential variation in management practices.
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Measurement of sRAGE, Protein C, SP-D, PAI-1, ICAM-1 levels
Biomarkers were chosen because of previously demonstrated association with ALI and PGD
(Table 1). We measured plasma biomarkers at 6 and 24 hours to coincide with early PGD
grading times. Protein C was measured using the Actichrome protein C assay (American
Diagnostica, Greenwich, CT). PAI-1 antigen was measured with the Imubind PAI-1 ELISA
(American Diagnostica); the intra-assay coefficient of variation was 6.8%. sRAGE was
measured by sandwich ELISA (R&D, Minneapolis, MN). The intra-assay coefficient of
variation was 6%. ICAM-1 levels were measured using ELISA (R&D systems, Minneapolis,
MN); the intra-assay coefficient of variation was 3%. SP-D levels were measured using a
commercially available ELISA kit (Yamasa Corporation, Tokyo, Japan). The intra-assay
coefficient of variation was 5%. Samples were measured in duplicate and a standardized
average value was used for analysis.

Statistical Analysis
Our goals were to identify easily measured plasma biomarkers that had the best
discrimination for PGD and prediction for 90-day mortality. As many biomarkers have
skewed distributions, we constructed standardized biomarkers by subtracting the mean from
each value and dividing by the standard deviation. The standardized biomarkers were used
for all analyses. We examined each biomarker individually and in combination at each
timepoint. We compared areas under receiver operating characteristic (ROC) curves using
methods suggested by Pepe and colleagues [8, 18, 19] starting with single biomarkers
followed by two-, three-, four- and five-biomarker combinations. We have not used
reclassification methods [20] for this analysis as the goal is to demonstrate utility of
biomarkers alone as alternative outcomes to clinical PGD grading and mortality. We
computed the predicted probability of grade 3 PGD or 90-day mortality for each individual
by fitting regression models with 1–5 biomarkers, then created an ROC curve and calculated
the area under the ROC curve (AUC) and corresponding 95% bootstrap confidence interval
(CI). We tested for a significant improvement in AUC between models with different
combinations of biomarkers. For 90-day mortality, we also included PGD grade as a
categorical variable in the model. We present p-values for significant change in AUC
between models. Analyses were performed using STATA versions 11.1 and 12.0 (STATA
Corp., College Station, TX).

Results
Analysis of Grade 3 PGD within 72 hours

There were 315 subjects with at least one biomarker measurement. 86 (27%) developed
grade 3 PGD within 72 hours. Recipient characteristics are described in Table 2. Median
ICAM-1, sRAGE, SP-D, and PAI-1 levels were higher in the PGD group; however, Protein
C levels were not significantly different between PGD and non-PGD groups (Figure 1).

Biomarkers measured at 24 hours had significantly better discrimination than biomarkers
measured at 6 hours (Table 3). Therefore, we present our analyses using the measurements
from the 24-hour time point. Individually, a marker of epithelial injury, sRAGE (AUC 0.71,
95% CI: 64, 78) and a marker of impaired fibrinolysis, PAI-1 (AUC 0.73, 95% CI: 66, 79)
had the greatest discrimination for PGD. Protein C (AUC 0.53, 95% CI: 45, 61), SP-D
(AUC 0.60, 95% CI: 53, 67) and ICAM-1 (AUC 0.63, 95% CI: 56, 70) did not perform as
well when measured individually (Table 3).

Qualitatively, the addition of PAI-1 to ICAM-1 (PAI-1+ICAM-1 AUC: 0.75, 95% CI: 0.69,
0.82) or to SP-D (PAI-1+SP-D AUC for 0.76 95% CI: 0.70, 0.82) improved the overall
AUC, although, quantitatively there was not a significant difference in discrimination over
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PAI-1 alone, the addition of PAI-1 increased the discrimination of the other biomarkers. The
combination of our 2 strongest individual biomarkers, sRAGE +PAI-1 had an AUC of 0.75
(95% CI: 0.68, 0.81), with no significant improvement over sRAGE alone (p=0.79) or PAI-1
alone (p=0.38) (Figure 2).

Combinations of three biomarkers revealed small but non-significant improvements in
discrimination from the analysis of two biomarkers (Table S1). Combinations of 4 and 5
biomarkers also did not have a significant improvement over the top performing
combinations of 2 biomarkers (Table S2). There were no differences in our primary analysis
when analyzing within transplant type. Both RAGE and ICAM-1 had a significant
interaction with diagnosis (p=0.012 and p=0.037), with ICAM-1 performing better in
subjects with COPD and sRAGE performing better in subjects with IPF (Table S3). There
were no differences in the analysis after adjustment by center (Table S4a).

Sensitivity Analyses with Alternate PGD Definitions
Varying the outcome to a more severe phenotype, grade 3 PGD at 72 hours did not
significantly change the results. There were 47 (15%) subjects with grade 3 PGD at 72
hours. Given the smaller number of cases, AUC’s were slightly lower, however, top-
performing biomarkers did not change (Table S4b). We also analyzed the ability of the lung
injury biomarkers to discriminate concurrent lung injury, by using grade 3 PGD at 24 hours
as the outcome. There were 66 (21%) subjects with grade 3 PGD at 24 hours. The results of
this analysis were similar to the primary analysis (Table S4b). There were 108 (34%)
subjects with PGD grade 2 or 3 within 72 hours. Using grade 2 or 3 as an outcome, the
biomarkers continued to have good discrimination, and our top-performing biomarkers did
not change. 250 (80%) of subjects had PGD grades 1, 2, or 3 within 72 hours. Biomarkers
did not perform as well using this outcome (Table S4c). There were 246 subjects with
measurements of all five biomarkers, 71 (29%, 95% CI: 23%, 35%) developed grade 3 PGD
within 72 hours of transplantation. The results using this sub-group were not different from
the primary analysis (Table S4d).

Biomarker Prediction of 90-day Mortality
There were 304 subjects with information on 90-day mortality, of which 23 died (8%, 95%
CI: 5%, 11%). 16 of the 23 had grade 3 PGD within 72 hours (70%, 95% CI: 47%, 87%).
ICAM-1 and PAI-1 measured at 24 hours had the best individual prediction of 90-day
mortality, with ICAM-1 with an AUC of 0.67 (95% CI: 0.54, 0.81) and PAI-1 with an AUC
of 0.67 (95% CI 0.55, 0.80) (Figure 3). The addition of ICAM-1, a marker of cellular
adhesion, to a marker of epithelial injury, sRAGE (AUC: 0.72, 95% CI: 0.60, 0.83)
significantly improved prediction over ICAM-1 alone (p=0.05). In combination,
ICAM-1+PAI-1 had an AUC (0.72, 95% CI: 0.60, 0.84) although it was not a significant
improvement over ICAM-1 alone (p=0.39). Combinations of greater than two biomarkers
did not add significant predictive ability.

We evaluated incremental predictive utility of top performing biomarkers for 90-day
mortality when added to a base model of concurrent PGD. PGD grade at 24 hours, as a
categorical variable, had an AUC of 0.70 (95% CI: 0.59, 0.81) for 90-day mortality. Adding
any of the individual biomarkers significantly increased prediction over PGD alone
(p≤0.001), and the addition of our top performing combinations to PGD, ICAM-1+sRAGE
+PGD had an AUC of 0.76 (95% CI: 0.65, 0.87), and ICAM-1+PAI-1+PGD had an AUC of
0.75 (95% CI: 0.63, 0.87) (Table 4). Therefore, the addition of biomarkers to clinical PGD
grade added significant predictive value over PGD grade alone for 90-day mortality,
demonstrating validity of the use of these biomarkers for prediction of early mortality.
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Discussion
We found that markers of impaired fibrinolysis (PAI-1) and epithelial injury (sRAGE) had
the greatest individual discriminant ability for PGD, and the addition of PAI-1 improved the
performance of markers of epithelial injury (SP-D) and cell adhesion (ICAM-1). Biomarkers
measured at 24 hours had greater utility than 6 hours. Results were similar when evaluating
a more severe phenotype, grade 3 PGD at 72 hours, as well as concurrent lung injury-grade
3 PGD at 24 hours. Furthermore, a marker of cell adhesion (ICAM-1) and a marker of
impaired fibrinolysis (PAI-1) had the greatest individual predictive utility for 90-day
mortality, and combinations of ICAM-1 with a marker of epithelial injury (sRAGE) or
impaired fibrinolysis (PAI-1) had the greatest combined predictive utility for 90-day
mortality after lung transplantation, above and beyond concurrent clinical PGD grading.
These results suggest that the use of these lung injury biomarkers may enhance the
definition of grade 3 PGD or may be used as an alternative to clinical PGD grading,
particularly for use in translational research studies.

Our findings demonstrate that lung injury biomarkers reflect the clinical grading of PGD by
discriminating lung injury within 72 hours of transplantation, as well as concurrent (at 24
hours) and persistent lung injury (at 72 hours). Biomarkers do not seem to perform as well
with PGD grade 1. This may be because lower grades of PGD reflect a component of
cardiogenic pulmonary edema, and the biomarkers are best suited for concurrent or
persistent severe lung injury. Measurement of these biomarkers may provide a useful
alternative to clinical PGD grading in small studies or early stage translational research
where use of a continuous variable may provide more power. Discrimination of biomarkers
was unchanged after adjustment by center, indicating biomarkers may be useful in a multi-
center study, as they are not affected by practice variation across centers. Furthermore, as
these markers may reflect specific lung injury mechanisms, early phase clinical trials aimed
at reducing either epithelial injury or impaired fibrinolysis may choose to employ sRAGE or
PAI-1 as useful measures for suggestion of treatment effect.

PGD is a known risk factor for early mortality after lung transplantation [15, 21–23]. We
have demonstrated that biomarkers measured at 24 hours improve discrimination of
concurrent clinical PGD grade for 90-day mortality. Therefore, these markers of lung injury
may more fully capture a broader spectrum of lung injury than the categorical clinical PGD
grade. We found that a marker of cell adhesion, ICAM-1, had the best individual prediction
for mortality, but combinations with markers of epithelial injury (sRAGE), and impaired
fibrinolysis (PAI-1), improved the ability to predict mortality. Therefore, measurement at 24
hours of the combination of a marker of cell adhesion with impaired fibrinolysis or epithelial
injury could be used as an alternative outcome in translational research and early phase
clinical trials aimed at reducing early mortality.

The biomarkers we have chosen represent epithelial injury, cell adhesion, and coagulation
abnormalities. All of the chosen biomarkers have a previously demonstrated association
with both PGD and non-transplant ALI [10–12, 14]. Our results indicate that sRAGE and
PAI-1 can be used individually to provide continuous measures indicative of PGD. Combing
PAI-1 with sRAGE or ICAM-1 seemed to improve the discrimination over that of the
individual markers, although we were unable to demonstrate strict statistical improvement.
Additionally, there appeared to be an interaction between ICAM-1 and RAGE with pre-
transplantation diagnosis, and future studies may focus on identifying combinations of
biomarkers within different sub-groups. Combinations of ICAM-1 with sRAGE or PAI-1
were useful in discriminating 90-day mortality. Although there is incremental gain as a
greater number of biomarkers were analyzed, we were not able to demonstrate consistent
statistical differences with more biomarkers, and the qualitative gains did not seem large
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enough to justify the use of more than two biomarkers as an alternate outcome. Currently,
these biomarkers are best used as alternative or supplemental endpoints in early translational
studies and small clinical trials. Perhaps after validation in an external population,
biomarkers measured at 24 hours may be clinically useful in predicting early mortality [24].

There are several limitations to our study. Although our clinical data and plasma samples
were collected prospectively, our analyses were limited by availability of sample volume for
all assays. However, when analyses were limited to subjects with complete data on all
biomarkers, there were no differences in the results. The dichotomous definition of grade 3
PGD is subject to misclassification bias. However, we have previously demonstrated
construct validity to support use of grade 3 PGD as an outcome [6]; and sensitivity analyses
did not demonstrate differences with measurement of PGD at different time points. Alternate
analyses of PGD prediction were not possible as there were insufficient numbers of subjects
with no clinical PGD at early timepoints who subsequently developed PGD at later
timepoints. Future work may focus on using these biomarkers pre-operatively with clinical
covariates to develop a predictive model for PGD. Our analyses were limited to five
biomarkers with prior evidence of PGD association. In the future, other studies may explore
addition of other biomarkers, including CRP, that have demonstrated predictive utility in
other lung diseases [25, 26]. Cause of death was not available in this cohort, therefore, we
cannot comment on the relationship between PGD and early mortality in this cohort. This
should be addressed in a validation study. Finally, although this is a multicenter study using
previously identified biomarkers, these results should be validated in another population, in
particular, to address the possibility of a reduction in discriminant ability upon replication
[24].

Our results demonstrate the utility of plasma biomarkers measured 24 hours after lung
transplantation as alternative outcomes for translational PGD research. Combinations of
PAI-1, sRAGE, and ICAM-1 had good discrimination for 90-day mortality, and added
predictive utility to the clinical PGD definition, perhaps indicating a capture of subclinical
lung injury. Future research utilizing these biomarkers as endpoints in translational research
or early clinical trials is justified.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS

PGD Primary graft dysfunction

sRAGE Soluble Receptor for Advance Glycation End Products

ICAM-1 Intracellular Adhesion Molecule-1

SP-D Surfactant Protein-D

PAI-1 Plasminogen Activator Inhibitor-1

ALI Acute Lung Injury

LTOG Lung Transplant Outcomes Group

IPF Idiopathic Pulmonary Fibrosis

COPD Chronic Obstructive Pulmonary Disease

CF Cystic Fibrosis
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PASP Pulmonary Arterial Systolic Pressure

IPAH Idiopathic Pulmonary Arterial Hypertension

ABG Arterial Blood Gas
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Figure 1.
Comparison of median levels of plasma biomarkers between subjects with grade 3 PGD
within 72 hours and those without
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Figure 2.
Top performing biomarkers measured at 24 hours for any grade 3 PGD within 72 hours
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Figure 3.
Top performing biomarkers measured at 24 hours for prediction of 90-day mortality
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Table 1

Biomarkers Selected for Analysis

Biomarker Function

Intracellular Adhesion Molecule-1
(ICAM-1)

Adhesion molecule expressed on alveolar epithelial cells and endothelial cells [27]. Higher plasma
levels associated with increased mortality and mechanical ventilation in ALI [28, 29].

Surfactant Protein-D (SP-D) Collectin secreted by type II alveolar cells, important in host defense. Mediates pathogen clearance
and resolution of inflammation [30]. Elevated serum levels associated with increased mortality in
ALI [30]. Also associated with PGD in IPF patients receiving single lung transplant [14].

Receptor Advanced Glycation End
Product (SRAGE)

Highly expressed in in type 1 epithelial cells, important in barrier function[31]. Plasma levels
associated with longer ICU stay, duration of mechanical ventilation after lung transplant[32], and
PGD [12].

Plasminogen Activator Inhibitor-1
(PAI-1)

Inhibits fibrinolysis. Depletion of PAI-1 is protective against the development of IRI [33]. Plasma
levels are associated with PGD [10].

Protein C Functions as an anticoagulant. Serum levels are decreased in ALI and PGD [10, 34], likely leading to
intralveolar deposition of fibrin, and a pro-coagulant state.
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Table 2

Donor and recipient characteristics by primary graft dysfunction status. Comparisons are made with
percentage of subjects or means (standard deviation). Chi square tests and t tests were used to compare co-
variates between PGD and no PGD.

PGD (n=86) No PGD (n=229) P Value

Diagnosis <0.01

 COPD 26 (30%) 127 (55%)

 CF 5 (6%) 29 (13%)

 IPF 38 (44%) 59 (26%)

 Other 17 (20%) 14 (6%)

Recipient Race <0.01

 Caucasian 68 (79%) 208 (75%)

 African American 15 (17%) 10 (4%)

 Hispanic 1 (1%) 6 (3%)

 Asian American 1 (1%) 1 (1%)

 Other 1 (1%) 4 (2%)

Female Recipient 42 (49%) 108 (47%) 0.07

Recipient Age 53 ± 12 53 ± 12 0.67

Donor Race 0.21

 Caucasian 61 (73%) 150 (66%)

 African American 10 (12%) 48 (21%)

 Hispanic 10 (12%) 24 (11%)

 Asian American 1 (1%) 4 (2%)

 Other 2 (2%) 1 (1%)

Female Donor 40 (47%) 87 (38%) 0.08

Donor Age 35 ± 14 33 ± 14 0.19

Bilateral Transplant 50 (58%) 128 (72%) 0.73

Use of CBP 49 (57%) 59 (26%) <0.01

CBP TIME (min) 239 ± 84 223 ± 74 0.31

Mean PASP 53± 26 38 ± 13 <0.01

COPD=Chronic Obstructive Lung Disease, IPF=Idiopathic Pulmonary Fibrosis, CF= cystic fibrosis, CBP=cardiopulmonary bypass.
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Table 3

Association of individual biomarkers measured at 6 and 24 hours with Grade 3 PGD within 72 hours

Biomarker AUC (95% CI) measured at 6 hours AUC (95% CI) measured at 24 hours

ICAM-1 0.58 (0.51, 0.65) 0.63 (0.56, 0.70)

sRAGE 0.63 (0.55, 0.70) 0.71 (0.64, 0.78)

SP-D 0.62 (0.55, 0.69) 0.60 (0.53, 0.67)

Protein C 0.55 (0.47, 0.62) 0.53 (0.45, 0.61)

PAI-1 0.64 (0.58, 0.71) 0.73 (0.66, 0.79)
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Table 4

Addition of biomarkers to PGD grade measured at 24 hours in predicting 90-day mortality.

Biomarker No. of subjects AUC (95% CI) P value

Grade of PGD at 24 hours (Base Model) 304 0.70 (0.59, 0.81)

Biomarker+Base Model

ICAM-1 267 0.75 (0.64, 0.86) <0.001

RAGE 291 0.72 (0.61, 0.82) <0.001

SP-D 264 0.72 (0.60, 0.83) 0.001

Protein C 263 0.72 (0.59, 0.85) <0.001

PAI-1 263 0.73 (0.61, 0.86) <0.001

ICAM-1+PAI-1 253 0.75 (0.63, 0.87) <0.001

ICAM-1+sRAGE 257 0.76 (0.65, 0.87) <0.001

p value is for improvement over the base model
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