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      Primary graft dysfunction (PGD) is a form of acute 
lung injury occurring within 72 h of lung transplan-

tation.  1   PGD is defi ned according to clinical parame-
ters, including radiographic and oxygenation criteria. 
PGD is graded from 0 to 3, with 3 being the most severe 
form.  2   The incidence of PGD ranges from 10% to 30%, 
and it is the leading cause of early mortality in lung 
transplantation. Therefore, improved understanding 
of the fundamental mechanisms of PGD could have a 
major impact on lung transplant outcomes.  3   

 A limitation of the PGD clinical defi nition is the het-
erogeneity of severity and duration inherent in the 

syndromic criteria. PGD presentation may vary con-
siderably, ranging from transient infi ltrates and mild 
hypoxia, to persistent severe lung injury requiring extra-
corporeal support.  4   In fact, since the publication of the 
initial International Society for Heart & Lung Trans-
plantation consensus defi nition in 2005, authors have 
used varying PGD defi nitions, including worst grade 
of PGD within the 72 h after transplantation  5,6   or 
grade 2 or 3 PGD occurring at 48 or 72 h after trans-
plantation.  7   Refi ned phenotyping within the PGD syn-
drome defi nition may facilitate risk stratifi cation of 
recipients after transplantation, research on therapeutic 

  Background:    There is signifi cant heterogeneity within the primary graft dysfunction (PGD) syn-
drome. We aimed to identify distinct grade 3 PGD phenotypes based on severity of lung dysfunc-
tion and patterns of resolution. 
  Methods:    Subjects from the Lung Transplant Outcomes Group (LTOG) cohort study with grade 3 PGD 
within 72 h after transplantation were included. Latent class analysis (LCA) was used to sta-
tistically identify classes based on changes in PGD International Society for Heart & Lung Trans-
plantation grade over time. Construct validity of the classes was assessed by testing for divergence 
of recipient, donor, and operative characteristics between classes. Predictive validity was assessed 
using time to death. 
  Results:    Of 1,255 subjects, 361 had grade 3 PGD within the fi rst 72 h after transplantation. LCA 
identifi ed three distinct phenotypes: (1) severe persistent dysfunction (class 1), (2) complete resolu-
tion of dysfunction within 72 h (class 2), and (3) attenuation, without complete resolution within 
72 h (class 3). Increased use of cardiopulmonary bypass, greater RBC transfusion, and higher 
mean pulmonary artery pressure were associated with persistent PGD (class 1). Subjects in class 1 
also had the greatest risk of death (hazard ratio, 2.39; 95% CI, 1.57-3.63;  P   ,  .001). 
  Conclusions:    There are distinct phenotypes of resolution of dysfunction within the severe PGD 
syndrome. Subjects with early resolution may represent a different mechanism of lung pathology, 
such as resolving pulmonary edema, whereas those with persistent PGD may represent a more 
severe phenotype. Future studies aimed at PGD mechanism or treatment may focus on pheno-
types based on resolution of graft dysfunction.    CHEST 2013; 144(2):616–622   

  Abbreviations:  CPB  5  cardiopulmonary bypass; HR  5  hazard ratio; LCA  5  latent class analysis; PGD  5  primary graft 
dysfunction 
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report forms were used at all centers to collect recipient, donor, and 
operative clinical parameters. Additional donor and mortal ity infor-
mation was verifi ed using data from the United Network for Organ 
Sharing. Lung allocation scores were obtained from United Network 
for Organ Sharing. Mortality data are incomplete because one 
center did not have institutional review board   approval for collec-
tion of death data. The institutional review boards at each of the 
participating centers approved this study (e-Appendixes 1 and 2). 

 Defi nition of PGD 

 PGD grade was determined according to International Society 
for Heart & Lung Transplantation criteria, with grade 3 defi ned 
by a Pa o  2 /F io  2  ratio  ,  200 and the presence of diffuse parenchy-
mal infi ltrates in the allograft(s) on chest radiographs.  2   A PGD 
grade was assigned for postoperative day 0 (6 h after transplan-
tation), day 1 (24 h), day 2 (48 h), and day 3 (72 h after transplan-
tation). All chest radiographs were interpreted independently by 
two trained physicians blinded to the clinical variables, with adju-
dication of disagreements. The classifi cation  k  for agreement on 
grade 3 PGD was 0.96. 

 Statistical Analysis 

 LCA is a statistical method used to defi ne groups of subjects 
(latent classes) based on observed measures that are similar for 
subjects within classes.  8   LCA produces predicted probabilities of 
each class for each subject based on timing of onset and resolution 
of PGD. Final class membership is determined by assigning sub-
jects to the class with the highest predicted probability. There-
fore, each subject is assigned to a single class; classes are discrete 
and mutually exclusive. PGD grades (0-3) at 6, 24, 48, and 72 h 
after transplantation were used to generate latent classes. Res-
olution of PGD was considered a change from grade 3 to 0, and 
attenuation was considered a change from grade 3 to grade 2 or 1. 
Clinical characteristics were not used in the model. We generated 
three classes in our primary analysis; however, we performed a 
sensitivity analysis with four classes to ensure the accuracy of our 
model. Multiple imputation was used to account for missing data 
within the clinical risk factors,  16   except lung allocation score, which 
was complete for those transplanted after May 2005. There were 
no missing PGD grades in the dataset. A base case analysis was 
done using nonimputed data to evaluate the effect of imputa-
tion on our analysis.  x  2  testing and one-way analysis of variance 
were used to analyze differences in recipient, donor, and opera-
tive characteristics among the classes. Cox proportional hazards 
models and Kaplan-Meier analysis models were used to evaluate 
the association between each class and time to death, using all-
cause mortality. 

 Results 

 Of 1,255 subjects enrolled, 361 subjects (29%; 
95% CI, 26%-31%) developed grade 3 PGD within 
72 h after transplantation. More than one-half of the 
subjects with grade 3 PGD received cardiopulmonary 
bypass (CPB), 43% had idiopathic pulmonary fi brosis 
as the pretransplant diagnosis, and 67% had bilateral 
transplant procedures ( Table 1 ).  Subjects from 10 cen-
ters were included in the study; the distribution among 
centers is listed in  Table 1 . 

 The results of our primary three-class model are pre-
sented in  Figure 1 .  Class 1 (n  5  197) ( Fig 1A)  repre-
sents a phenotype of persistent, severe dysfunction, in 

interventions to reduce PGD, and study of the mech-
anism of development of PGD. 

 In this study, we aimed to identify distinct pheno-
types within the PGD syndrome defi nition based on 
the timing of onset and resolution of PGD using latent 
class analysis (LCA), a statistical method used to iden-
tify classes within a heterogeneous syndrome, based 
on observed measurements varying over time.  8   To 
determine the construct validity of these classes, we 
evaluated differences in frequencies of known risk 
factors of PGD and risk of death among the classes. 

 Materials and Methods 

 Study Population 

 Subjects were enrolled as part of the ongoing, multicenter, pro-
spective Lung Transplant Outcomes Group cohort study.  9-15   Sub-
jects were enrolled from 10 US transplant centers from March 2002 
through December 2010. Patients undergoing lung or combined 
heart-lung transplantation at a participating center were eligible 
for inclusion in the Lung Transplant Outcomes Group study if their 
age at the time of transplantation was between 18 and 80 years 
and they provided informed consent. For the current study, we 
included all subjects with at least one episode of grade 3 PGD 
within 72 h of transplantation, based on our prior study demon-
strating greatest mortality and lung injury biomarker differences 
with grade 3 PGD occurring at any time point.  5   Standardized case-
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in class 2 and 46% in class 3;  P   5  .01); increased 
volume of intraoperative, packed RBC transfusion 
(1,142.3  �  1,547 mL compared with 694  �  983.1 mL 
in class 2 and 914.1  �  1,255.5 mL in class 3;  P   5  .003); 
and increased mean pulmonary artery pressure (PAP) 
prior to transplantation (34.5 mm Hg vs 29.7 mm Hg 
in class 2 and 29 mm Hg in class 3;  P   5  .001). There 
was also an increased frequency of donors with a smok-
ing history (defi ned as  �  20 pack-years) in this class 
(51% vs 44% in class 3 and 24% in class 2;  P   5  .03). 
There was no difference in pretransplant diagnosis or 
lung allocation score among the classes. 

 Class 2, in which dysfunction resolves by day 2, was 
the smallest class, with only 7% of subjects. Subjects in 
class 2 received a signifi cantly higher volume of intra-
operative crystalloids (1,550  �  2,114 mL) compared 
with class 1 (1,056.3  �  1,593 mL;  P   5  .002). Addition-
ally, class 2 had the lowest volume of blood transfused 
and the lowest frequency of smoking donors. 

 Class 3 (39% of PGD) represents a phenotype of 
severe dysfunction, with subsequent attenuation, but 
not complete resolution, by 48 h. Subjects in class 3 
had a higher volume of intraoperative blood trans-
fusion than class 2, but a lower volume than class 1. 
Additionally, class 3 had a higher frequency of donor 
smoking than class 2 (44% vs 24%), although lower 
than class 1 (44% vs 51%). Again, class 3 had a higher 
incidence of CPB than class 2 (46% vs 40%) and lower 
than class 1 (46% vs 61%). Subjects in class 3 have an 
intermediate severity phenotype. 

 Association With Mortality 

 To determine construct validity of our latent classes 
in mortality prediction, we evaluated the relationship 
between each class and time to death ( Fig 2 ).  Of the 
336 subjects with mortality information, 118 (35%) 
died. Class 1 had the greatest risk of death (hazard 
ratio [HR], 2.39; 95% CI, 1.57-3.63;  P   ,  .001) when 
compared with class 3. Class 2 had a no difference in 
risk for death (HR, 1.36; 95% CI, 0.57-3.28;  P   5  .69); 
however, this comparison was limited by small numbers 
in class 2. Subjects in class 1 also had a higher risk 
of 90-day mortality (OR, 3.69; 95% CI, 1.65-8.27; 
 P   5  .001) when compared with class 3. 

 Sensitivity Analysis 

 The chosen number of classes can affect latent-class 
modeling, so we also performed sensitivity analyses 
with a four-class model, which helped to further refi ne 
class 3 (e-Fig 1). Class 3 (a pattern of partial reso-
lution of dysfunction) was subdivided into two sub-
classes: one of early dysfunction that attenuated early 
(within 24 h) and early dysfunction that attenuated 
late (at 48 h) (e-Fig 1). The pattern of early dysfunc-
tion that attenuated early (class 3a) resembled class 2, 

which the majority of subjects have grade 3 PGD at 
time zero and continue to have grade 3 PGD at 72 h. 
Class 2 (n  5  25) ( Fig 1B)  demonstrates a phenotype of 
complete resolution of dysfunction by day 2. In class 3 
(n  5  139) ( Fig 1C) , subjects start with grade 3 PGD 
at time zero, but the majority move to grade 1 or 2 by 
day 2, indicating an improvement in severity of lung 
dysfunction but not a complete resolution. 

  Table 2   demonstrates the distribution of subject char-
acteristics among the three classes. In class 1, where 
the subjects have severe, persistent dysfunction, 
there was more frequent use of CPB (61% vs 40% 

 Table 1— Demographic Characteristics of the 
Study Population   a   

Characteristics    Total Cohort (N  5  361)

Grade 3 PGD within 72 h 361 (100)
Grade 3 PGD at 72 h 119 (33)
CPB 194 (53)
Diagnosis
 COPD 93 (26)
 CF 38 (11)
 IPF 154 (43)
 PPH 20 (6)
 Sarcoid 24 (7)
 Other 31 (9)
Bilateral transplant 241 (67)
Center
 University of Pennsylvania 91 (25)
 University of Chicago 9 (2)
 Columbia University 73 (20)
 University of Alabama 28 (8)
 Vanderbilt University 27 (7)
 Stanford University 34 (9)
 Johns Hopkins University 7 (2)
 University of Michigan 50 (14)
 University of Pittsburgh 35 (10)
 Duke University 7 (2)
Female recipient 163 (45)
Female donor 161 (45)
Recipient race
 White  280 (78)
 Black  56 (16)
 Hispanic 14 (4)
 Asian 7(2)
 Other 4 (1)
Donor race
 White 241 (67)
 Black 69 (19)
 Hispanic 37 (10)
 Other 14 (4)
Recipient age, mean  �  SD, y 52.9  �  12.3
Donor age, mean  �  SD, y 35  �  13.9
BMI of recipient, mean  �  SD, kg/m 2  26.4  �  5.2
Crystalloids, mean  �  SD, mL 1,279  �  1,845
PRBC, mean  �  SD, mL 1,023.4  �  1,411

Data given as No. (%) unless otherwise indicated. CF  5  cystic fi brosis; 
CPB  5  cardiopulmonary bypass; IPF  5  idiopathic pulmonary fi brosis; 
PGD  5  primary graft dysfunction; PPH  5  primary pulmonary hyper-
tension; PRBC  5  packed RBC.
 a All subjects had grade 3 PGD within 72 h.



journal.publications.chestnet.org CHEST / 144 / 2 / AUGUST 2013   619 

having the highest risk of death (HR, 3.45; 95% CI, 
1.90-6.25;  P   ,  .001) (e-Fig 2). 

 Base Case Analysis 

 Multiple imputation was used to account for missing 
data in covariates. To evaluate the effect of imputa-
tion on our analysis, we repeated all analyses using 
complete data. Numbers of subjects with data for each 
variable are presented in e-Table 2. There were no 

with a low frequency of CPB (39%) and a high volume 
of intraoperative, IV crystalloid infusion (1,680.5  �  
1,971 mL). The pattern of early dysfunction that atten-
uated late (class 3b) most closely resembled class 1, 
with a higher frequency of CPB (60%) and a higher 
mean PAP (31.0  �  11.3 mm Hg). Therefore, a four-class 
model split the third class into a phenotype similar 
to class 1 or a phenotype similar to class 2 (e-Table 1). 
The associations with mortality in the four-class model 
were similar to the three-class model, with class 1 

  Figure  1. Three-class model generated from latent class analysis. The y axis indicates the probability of International Society for Heart & 
Lung Transplantation PGD grade on a given day. The x axis represents the postoperative day. A given probability of PGD grade for each 
day is represented by symbols connected by corresponding lines ( �   5  grade 3, X  5  grade 1 or 2,  �   5  grade 0). The line with the highest 
probability generated from the model indicates that members of that class are most likely to have a particular grade on a particular day. 
A, Latent class 1 (55% of grade 3 PGD population): Grade 3 PGD present on day 0 and persisted to day 3. Grade 3 had the highest probability 
on all study days in this class. B, Latent class 2 (7% of grade 3 PGD population): Grade 3 PGD present on day 0 that resolved completely 
to grade 0 by day 3. On day 0, grade 3 had the highest probability, but the probability of grade 3 decreased by day 1, and on days 2 and 3, 
grade 0 had the highest probability. C, Latent class 3 (39% of grade 3 population): Grade 3 PGD present on day 0 that attenuated to lower 
grades 1 and 2, but did not completely resolve, by day 3. On day 0, grade 3 had the highest probability, but decreased by day 1, and on 
days 2 and 3, intermediate grades had the highest probability. PGD  5  primary graft dysfunction.   

http://journal.publications.chestnet.org
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dysfunction that either attenuates by day 2 or remains 
persistent at day 3, and those with transient dysfunc-
tion that either completely resolves or attenuates by 
day 1. The two main phenotypes identifi ed are asso-
ciated with different clinical variables, and have dis-
tinct risks of death, adding validity to our statistically 
derived phenotypes. 

 The defi nition of PGD was created to represent 
early allograft injury.  1   Although construct validity of the 

signifi cant differences between the two analyses as 
presented in e-Tables 2 and 3. 

 Discussion 

 This study identifi ed subphenotypes within a group 
of subjects with grade 3 PGD, a heterogeneous clin-
ical syndrome. Overall, the two dominant phenotypes 
that emerged are those with severe, persistent lung 

 Table 2— Frequencies of Demographic Characteristics Among Classes in the Three-Class Model  

Characteristics Class 1 (n  5  197) Class 2 (n  5  25) Class 3 (n  5  139)  P  Value  a  

Recipient
 Recipient age, y 52.9  �  12.3 51.5  �  14.6 53  �  12.0 .41
 Native disease .45
  COPD 50 (26) 3 (12) 40 (29)
  CF 17 (9) 5 (20) 16 (12)
  IPF 81 (41) 13 (52) 60 (43)
  PPH 11 (6) 1 (4) 8 (6)
  Sarcoid 17 (9) 1 (4) 6 (4)
  Other 20 (10) 2 (8) 9 (6)
 Female recipient 92(47) 10 (40) 61 (44) .76
 Prior pregnancy 73 (79) 6 (60) 41 (67) .15
 Recipient race .29
  White 152 (77) 18 (72) 110 (79)
  Black 32(16) 6 (24) 18 (13)
  Hispanic 4 (2) 1 (4) 9 (6)
  Asian 6 (3) 0 (0) 1 ( ,  1)
  Other 3 (2) 0 (0) 1 ( ,  1)
 BMI recipient 26.8  �  5.5 24.6  �  5.0 26.1  �  4.8 .25
 LAS (n  5  312) 46.9  �  15.9 47.6  �  14.2 45.7  �  15 .65
Donor 
 Female donor 91(46) 14 (56) 56 (41) .28
 Donor age, y 35.6  �  14.6 27.8  �  10.4 35.7  �  13.2 .08
 Donor race .45
  White 128 (65) 17 (68) 96 (69)
  Black 43 (22) 6 (24) 20 (15)
  Hispanic 17 (9) 2 (8) 18 (13)
  Other 9 (5) 0 (0) 5 (4)
 Donor ventilation days .73
  One 58 (30) 6 (24) 31 (22)
  Two 54 (27) 6 (24) 43 (31)
  Three 36 (19) 7 (28) 31 (22)
  Four 49 (25) 6 (24) 34 (24)
 Donor smoking 100 (51) 6 (24) 61(44) .03
 Donor mode of death .02
  Trauma 79 (40) 10 (40) 61(44)
  Stroke 83 (42) 9 (36) 60 (43)
  Anoxia 10 (5) 3 (12) 15 (11)
  Other 25 (13) 3 (12) 3 (2)
Operative 
 Bilateral transplant 135 (69) 15 (60) 91 (66) .64
 CPB 120 (61) 10 (40) 64 (46) .01
 Intraoperative nitric oxide 122 (62) 16 (64) 88 (63) .95
 Intraoperative crystalloids, mean  �  SD, mL 1,056.3  �  1,593 1,550  �  2,114 1,547.8  �  2,083.2 .002
 Reperfusion F io  2 , mean  �  SD 67.1  �  28.7 71.8  �  26.4 66.7  �  29.8 .73
 Tidal volume, mean  �  SD, mL/kg 7.0  �  3.2 8.0  �  2.6 7.0  �  2.6 .05
 PRBC, mean  �  SD, mL 1,142.3  �  1,547 694  �  983.1 914.1  �  1,255.5 .003
 PAP, mean  �  SD, mm Hg 34.5  �  16.4 29.7  �  12.9 29  �  12 .001

Data given as No. (%) unless otherwise indicated. LAS  5  lung allocation score; PAP  5  pulmonary artery pressure at the time of transplantation. See 
Table 1 legend for expansion of other abbreviations.
 a  P  values were calculated using  x  2  and  t  tests.
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dated these phenotypes by demonstrating different 
frequencies of clinical characteristics among classes. 
Second, there were missing data in this study. How-
ever, we used multiple imputation to account for this, 
and point estimates in our nonimputed dataset were 
very similar to those in the imputed dataset. Addi-
tionally, like many key variables, PGD grades were 
complete in the dataset. Third, although we have pub-
lished associations of biomarkers with PGD previously, 
there was insuffi cient biomarker information in this 
smaller study population of patients with grade 3 PGD 
to evaluate differences in markers of biologic associa-
tions between the classes. Fourth, we do not collect 
information on intensive care management of subjects 
with PGD, and, therefore, we are unable to account 
for differences in care among centers or differences 
in management over time, as subjects were enrolled 
over 8 years. However, lung-protective ventilation 
was initiated in 2000,  19   before this study began, and 
there have been no major changes in therapy for PGD 
or acute lung injury since then. Fifth, we did not have 
access to information on bronchiolitis obliterans syn-
drome for this cohort. Finally, we did not have lung 
biopsies on any of the subjects in the cohort. Future 
work will focus on identifying pathologic differences 
among the classes and study of the relationship with 
long-term outcomes, including bronchiolitis obliter-
ans syndrome. 

 In conclusion, LCA identifi ed two main phenotypes 
of resolution in PGD. First, a pattern of severe, per-
sistent dysfunction, which includes subjects with per-
sistent dysfunction for 72 h and subjects with late 
attenuation of dysfunction; and second, a pattern of 
early resolution or attenuation of dysfunction within 
24 h of transplantation. After validation of these phe-
notypes in another population, further work should 
address biologic associations and mechanisms within 
these phenotypes. Refi nement of the syndrome defi -
nition is important to assist in research identifying 
biomarkers of lung dysfunction after transplantation, 
describing mechanisms of early allograft dysfunction, 
evaluating prognostic models of allograft dysfunc-
tion, and targeting subjects most likely to benefi t from 
therapeutic interventions. The results of our study 
support the use of grade 3 PGD at 48 or 72 h as the 
primary outcome for studies with these aims, and may 
support the use of intermediate grades at 48 and 72 h 
to further identify subjects with lung injury. 
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syndrome defi nition has been demonstrated, there 
is controversy in the fi eld over the appropriate grade 
and time point of PGD to use as an outcome. Other 
work has used severe, persistent lung dysfunction as 
the primary outcome.  7   Our results provide further 
support for the use of subjects with severe, persis-
tent lung dysfunction, who have dysfunction early and 
either attenuate later (by day 2) or do not resolve, as 
a useful phenotype for studies interested in the most 
severe PGD phenotype and the one most likely to 
refl ect the pathophysiology of underlying diffuse alve-
olar damage. Subjects with this phenotype had the 
highest risk for death  , and a greater frequency of char-
acteristics thought to be associated with more severe 
dysfunction, including CPB, large volume of RBC trans-
fusion, and higher mean PAP at the time of transplan-
tation.  14,17,18   These factors may be interrelated, and 
further work needs to be done to identify predictors 
associated with each class. 

 A small percentage of subjects who meet the cri-
teria for grade 3 PGD within 72 h may have rapidly 
resolving graft dysfunction. Subjects with dysfunc-
tion that resolved or attenuated early received a greater 
volume of IV crystalloid infusion, which indicates that 
the pattern of early resolution of lung dysfunction may 
not represent classic alveolar damage mechanisms, 
and may be a result of volume overload. An alternative 
possibility is that subjects in class 2 are biologically 
more equipped to deal with early insults to the lung, 
and, therefore resolve rapidly. Further studies of bio-
logic markers may help distinguish this phenotype 
from that of severe, persistent dysfunction. Over-
all, this phenotype occurred less frequently than the 
other phenotypes in our study; however, it is impor-
tant to identify these subjects, as they have a lower risk 
for death, and in the future, may not require therapies 
targeting PGD. 

 Our study has several limitations. We did not include 
clinical characteristics in the derivation of the latent 
classes; however, our approach favored an unbiased 
defi nition of phenotypes, and we have internally vali-

  Figure  2. Relationship of each class with time to death.  P  value 
generated from log-rank test.   
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