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Abstract

Rationale: Lung transplant offers the potential to extend life for
patients with idiopathic pulmonary fibrosis (IPF); yet, this therapeutic
modality is only available to a small proportion of patients.

Objectives: To identify clinical characteristics and social
determinants of health that differentially associate with lung
transplant compared with death in patients with IPF.

Methods: We evaluated data from the Idiopathic Pulmonary
Fibrosis Prospective Outcomes (IPF-PRO) Registry, a multicenter
U.S. registry of patients with IPF that was diagnosed or
confirmed at the enrolling center in the previous 6 months.
Patients were enrolled between June 2014 and October 2018.
Patients who were listed for lung transplant were not eligible to
enroll in the registry, but patients could be listed for transplant
after enrollment. We performed a multivariable time-to-event
analysis incorporating competing risks methodology to examine
differential associations between prespecified covariates and the
risk of lung transplant versus death. Covariates included factors
related to lung transplant eligibility, clinical characteristics of
IPF, and social determinants of health. Covariates were
modeled as time independent or time dependent as appropriate.

Results: Among 955 patients with IPF, event rates of lung
transplant and death were 7.4% and 16.3%, respectively, at
2 years. Covariates with the strongest differential association were
age, median zip code income, and enrollment at a center with a

lung transplant program. Lung transplant was less likely
(hazard ratio [HR], 0.13 [95% confidence interval (CI),
0.06–0.28] per 5-yr increase) and death more likely (HR, 1.41
[95% CI, 1.22–1.64] per 5-yr increase) among those older than
70 years of age. Higher median zip code income was associated
with lung transplant (HR, 1.22 [95% CI, 1.13–1.31] per $10,000
increase) but not death (HR, 0.99 [95% CI, 0.94–1.04] per
$10,000 increase). Enrollment at a center with a lung transplant
program was associated with lung transplant (HR, 4.31 [95% CI,
1.76–10.54]) but not death (HR, 0.99 [95% CI, 0.69–1.43]).
Oxygen use with activity was associated with both lung
transplant and death, but more strongly with lung transplant. A
higher number of comorbidities was associated with an
increased likelihood of death but not lung transplant.

Conclusions: For patients in the Idiopathic Pulmonary
Fibrosis Prospective Outcomes Registry, median zip code
income and access to a lung transplant center differentially
impact the risk of lung transplant compared with death,
regardless of disease severity measures or other transplant
eligibility factors. Interventions are needed to mitigate
inequalities in lung transplantation based on socioeconomic
status.
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Idiopathic pulmonary fibrosis (IPF) is
a progressive and ultimately fatal disease
characterized by irreversible lung scarring
(1). Antifibrotic therapy slows lung function
decline (2, 3), but only lung transplant offers
the potential for restoration of lung function.
Over the past 15 years, there has been a
marked increase in the proportion of lung
transplants performed in the United States
for pulmonary fibrosis, from 20.4% in 2006
to 60.0% in 2018 (4). Reasons for this
increase include implementation of a need-
based lung allocation system (5), which
favors transplants for sicker patients, as well
as the improved recognition of IPF due to
standardization in diagnostic criteria (1).
However, identifying the optimal timing for
lung transplant in patients with IPF can be
challenging because patients may progress in
an unpredictable clinical course with abrupt
decline.

The International Society for Heart and
Lung Transplantation (ISHLT) has issued
guidelines for lung transplant referral and
listing in patients with IPF, along with both
absolute contraindications (such as active
malignancy, untreatable infection, or severe
obesity) and relative contraindications, such
as advanced age (6). Given the variable
clinical course of pulmonary fibrosis, any
patient with histopathologic or radiographic
evidence of usual interstitial pneumonia is
appropriate for lung transplant referral,
regardless of lung function (6). Listing for
lung transplant is specifically recommended
for patients with IPF who experience disease
progression, including development of an
exertional oxygen requirement or pulmonary
hypertension, hospitalization due to
respiratory decline or acute exacerbation,
decline in forced vital capacity (FVC), or
decline in diffusing capacity of the lung for

carbon monoxide (DLCO) (6). However, only
a highly selective subset of patients with IPF
who experience disease progression are
offered a lung transplant. Whether certain
medical or nonmedical characteristics
influence the occurrence of a lung transplant
versus death is largely unexplored.

As clinicians and policymakers strive
to ensure that eligible patients with IPF
have equal opportunity to undergo lung
transplant, a better understanding of
factors associated with lung transplant is
needed. Evaluating the impact of social
determinants of health is particularly
relevant because recent studies have
demonstrated that patients with cystic
fibrosis with poor socioeconomic status are
less likely to be added to lung transplant
waiting lists (7–9). The objective of our
study was to identify clinical characteristics
and social determinants of health that
differentially associated with lung
transplant compared with death in patients
with IPF.

Methods

Study Population
The study population was derived from the
Idiopathic Pulmonary Fibrosis Prospective
Outcomes (IPF-PRO) Registry. Details of
the registry design have been published
(10). Briefly, the IPF-PRO Registry is a
multicenter registry of patients with IPF
that was diagnosed or confirmed at the
enrolling center in the past 6 months
according to the 2011 ATS/European
Respiratory Society/Japanese Respiratory
Society/Latin American Thoracic Society
guidelines (11). Patients with malignancy
(other than skin cancer) within the prior

5 years or who were listed for lung
transplant or were participating in a
randomized clinical trial were not eligible
to enroll in the registry; however, patients
could be listed for lung transplant or
participate in a clinical trial after
enrollment. Patients were enrolled between
June 2014 and October 2018. The date of
enrollment in the IPF-PRO Registry is used
as the baseline time point. At enrollment,
clinical data were abstracted from medical
records. Patients are seen in follow-up for
approximately 5 years or until death, lung
transplant, or withdrawal from the registry.
In addition to follow-up at site visits, a
centralized call center captures
information from patients on healthcare
use, including hospitalizations, since the
last follow-up encounter.

The study was approved by the Duke
University Institutional Review Board
(Pro00046131). The protocol was approved
by the relevant institutional review boards
and/or local independent ethics committees
at each site listed in the acknowledgment at
the end of the main text. All patients
provided written informed consent.

Study Outcomes
The outcomes in this study were lung
transplant and death from any cause.
Ascertainment of lung transplant and death
was performed both by site coordinators and
by the centralized call center. Rates are
presented separately for the two outcomes,
but in modeling, they were considered as a
single endpoint; that is, death was considered
as a competing risk to lung transplant and
vice versa. Patients were not seen in
follow-up after receiving a lung transplant;
therefore, patients could experience
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transplant or death but not both. Patients
without either event were censored at the
time of their last follow-up.

Clinical Characteristics and Social
Determinants of Health
To examine the differential risk of lung
transplant and death, we selected covariates
related to lung transplant eligibility, clinical
characteristics, and social determinants of
health. Variables related to lung transplant
eligibility included age, body mass index
(BMI), and current smoking status. Clinical
characteristics included sex, time since first
imaging evidence of pulmonary fibrosis,
FVC percent predicted, DLCO percent
predicted, oxygen use at rest, oxygen use
with exertion, respiratory hospitalization
(from which a patient was discharged alive
without a lung transplant), St. George’s
Respiratory Questionnaire (SGRQ) activity
domain score, SGRQ symptoms domain
score, emphysema on a high-resolution
computed tomography scan, and a
comorbidity count. The comorbidity count
totaled the number of the following
comorbidities in each patient: congestive
heart failure (CHF), chronic kidney disease
(CKD), chronic liver disease, coronary artery
disease, stroke or intracranial hemorrhage,
deep venous thrombosis or pulmonary
embolus, atrial fibrillation, gastroesophageal
reflux disease, sleep apnea, diabetes, lung or
other cancer, pulmonary hypertension, and
significant infection (specifically human
immunodeficiency virus [HIV], hepatitis B,
hepatitis C, or tuberculosis). Based on the
distribution, comorbidity counts were
truncated at 3 before model fitting.
Respiratory hospitalizations were assessed in
the 12 months before enrollment and after
enrollment. The date of first imaging
evidence of fibrosis was obtained by review
of the medical record. The imaging study did
not need to have been performed at the
enrolling center.

The following social determinants of
health were included as covariates: patient
zip code–level median household income,
distance between patient’s and enrolling
site’s zip codes, private health insurance,
and the presence of a lung transplant
program at the enrolling site based on the
2020 Scientific Registry of Transplant
Recipients database (12). Zip code–level
median household income was obtained
from the U.S. Bureau of the Census in the
American Community Survey, in which
estimates included 5 years of data on a

rolling basis, adjusted for inflation (13).
Patients were matched to the estimate from
the year in which they were enrolled in the
registry.

Aside from sex, insurance, presence of
lung transplant program at enrolling site,
distance to enrolling site, and zip code–level
income, all variables were allowed to vary
over time in the models if there were any
changes (i.e., were considered as time-
dependent covariates). Apart from CKD,
chronic liver disease, and emphysema on
high-resolution computed tomography,
which were only evaluated at enrollment,
comorbidities were updated in the model if
there were any changes.

Statistical Analysis
For descriptive statistics, we present medians
with 25th and 75th percentiles for
continuous variables and frequencies with
percentages for categorical variables. Time-
independent variables (such as sex, race, and
private insurance) are summarized at the
time of enrollment. All other variables are
summarized at the time of enrollment and
during follow-up, apart from certain medical
history variables that were collected only at
enrollment. For the follow-up summary, the
last reported value was used for continuous
variables, and new occurrence was used for
categorical variables.

We performed a time-to-event analysis
incorporating competing risks methodology
to determine whether differential
associations existed between each covariate
and lung transplant compared with death.
Specifically, the method of Lunn and
McNeil (14) was used to 1) test for an
association between the outcomes and risk
factors and 2) test whether that association,
strength, and/or direction was different
between lung transplant and death for each
risk factor. The regression models were
stratified by use of antifibrotic therapy at
baseline (nintedanib/pirfenidone) versus no
antifibrotic therapy at baseline, with a
weighted average calculated across strata.
Patients were censored at withdrawal or
last known follow-up. Continuous variables
were assessed for the linearity of their
relationship with the outcomes; when a
nonlinear relationship was found, restricted
cubic splines were used in testing, and
simplified versions (piecewise linear
splines) were used for generating
interpretable hazard ratios (HRs).

Missing data were handled using
multiple imputation to generate five

imputation datasets with the fully
conditional specification method to ensure
that the final estimates properly reflect
variability and uncertainty due to missing
values. Observed data were used for
descriptive analyses, and imputed data
were used for inferential analyses.

We performed sensitivity analyses to
account for lung transplant eligibility and
lung transplant evaluation. First, we
examined the differential risk of lung
transplant and death in a subgroup of
patients who were likely to be eligible for
lung transplant based on ISHLT guidelines
(6). Specifically, we defined lung transplant
eligibility as age 70 years or younger; BMI
30 kg/m2 or less; no active tobacco use; and
absence of CKD, CHF, chronic liver disease,
or HIV. Lung transplant eligibility was
assessed at baseline and, for patients not
eligible at baseline, reassessed throughout
follow-up; patients could enter the eligibility
group at any time. Patients who entered the
eligibility subgroup remained in the
subgroup, regardless of age or change in BMI
or health status. A patient missing data for
any of these items was not considered
eligible. Next, we assessed the differential risk
of lung transplant versus death among
patients identified as having undergone a
lung transplant evaluation. Evaluation for
lung transplant was captured by site
coordinators both at enrollment and during
follow-up. Only patients who were evaluated
for lung transplant after enrollment were
included in the sensitivity analysis, and if
patients had multiple evaluations, the first
date after enrollment was used. Of note, for
all sensitivity analyses, a smaller number of
potential covariates were evaluated because
of the smaller sample size. Variables from the
primary analysis with the largest multidegree
of freedom chi-square values were examined
in the sensitivity analyses.

Results

Study Cohort
A total of 955 patients from 48 centers were
included in the analysis, with a median
(interquartile range) of 15 (5–27) patients per
site. Among transplant-free survivors, the
median (interquartile range) duration of
follow-up was 29 (20–41) months.

There were 96 lung transplants and
221 deaths during the study period. Figure 1
shows the cumulative incidence of lung
transplant or death. By 1 year after registry
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enrollment, 3.7% (95% confidence interval
[CI], 2.7–5.1) of patients had undergone lung
transplant, and 6.3% (95% CI, 4.8–7.9) of
patients had died. At 2 years, 7.4% (95% CI,
5.8–9.2) of patients had undergone lung
transplant, and 16.3% (95% CI, 13.9–18.9)
had died.

Table 1 and Table E1 in the online
supplement display the baseline
characteristics in the cohort, grouped by
eventual disposition. Patients who received
lung transplants were generally younger, had
private insurance, lived in a more affluent
area, and were more likely to have enrolled at
a site with a lung transplant program.
Patients who died tended to be older, had a
higher incidence of cardiac comorbidities,
were more likely to use oxygen at rest, and
had worse SGRQ scores.

Differential Association of Clinical
Characteristics and Social
Determinants of Health with Lung
Transplant and Death
The differential association of each variable
with the outcomes of lung transplant and
death are shown in Figure 2. Smoking status
could not be included in the model, because
there were too few current smokers. In the
multivariable model, the covariates with the
strongest differential association were age,
median zip code income, and enrollment at a
center with a lung transplant program.
Specifically, lung transplant became less

likely after the age of 70 (HR, 0.13 [95% CI,
0.06–0.28] per 5-yr increase) and death more
likely (HR, 1.41 [95% CI, 1.22–1.64] per 5-yr
increase; P value for differential association,
,0.001). Higher median zip code income
was associated with lung transplant (HR,
1.22 [95% CI, 1.13–1.31] per $10,000
increase) but not death (P value for
differential association,,0.001). Finally,
enrollment at a site with a lung transplant
program was strongly associated with lung
transplant (HR, 4.31 [95% CI, 1.76–10.54])
but not death (P value for differential
association, 0.002).

A differential association was also seen
for comorbidity count, for which more
comorbidities were associated with death
(HR, 1.23 [95% CI, 1.06–1.42] per one
additional comorbidity) but not lung
transplant (P value for differential
association, 0.011). Higher BMI was
associated with a decreased risk of death up
to a BMI of 30 kg/m2 (HR, 0.87 [95% CI,
0.84–0.91] per 1-point increase) but did not
associate with lung transplant (P value for
differential association, 0.03). Oxygen use
with activity was associated with both lung
transplant (HR, 7.95 [95% CI, 2.96–21.34])
and death (HR, 1.68 [95% CI, 1.13–2.51]) but
more strongly with lung transplant (P value
for differential association, 0.003). Distance
between patient’s and enrolling site’s zip
codes also had a different association with
death than with lung transplant (P value for

differential association, 0.045); there
appeared to be a greater risk of death with
greater distance from the site.

No differential association was present
for FVC percent predicted, DLCO percent
predicted, or SGRQ activity score; worse
values for these covariates were associated
with both lung transplant and death. There
was no association between respiratory
hospitalization from which a patient was
discharged alive without a lung transplant
and either death or lung transplant.

Sensitivity Analysis: Eligible for
Lung Transplant
We examined as a sensitivity analysis the
differential risk of lung transplant and death
in a subgroup of patients with IPF more
likely to be eligible for transplant based on
ISHLT guidelines (6). Of the 906 patients in
whom lung transplant eligibility could be
determined, 274 (30.2%) were likely to be
eligible for lung transplant based on age
70 years or younger, BMI 30 kg/m2 or less,
and absence of the following: active tobacco
use, CKD, CHF, chronic liver disease, or
HIV (Table E2). Of the 96 patients who
underwent a lung transplant, 51 (53.1%)
were likely to be eligible based on the above
criteria, and 37 (38.5%) were not eligible,
mostly because of age or BMI.

Among the 274 patients eligible for lung
transplant (Table E3), 12.3% (95% CI,
8.6–16.6) had undergone lung transplant by
2 years, and 10.1% (95% CI, 6.7–14.2) had
died. The variables with the strongest
differential association with lung transplant
and death in this subgroup were generally
consistent with the primary analysis
(Table 2). Specifically, higher median zip
code household income and registry
enrollment at a site with a lung transplant
program were both significantly associated
with lung transplant but not death.

Sensitivity Analysis: Evaluated for
Lung Transplant
As a second sensitivity analysis, we
evaluated the differential risk of lung
transplant and death among patients
reported to have been evaluated for a lung
transplant. Of the 955 patients in the
analysis cohort, 247 patients (25.9%) were
reported to have been evaluated for lung
transplant at any time (before or after
enrollment), and 708 (74.1%) were not
(Table E4). There was inconsistency in the
reporting of lung transplant evaluation
because just over 10% of patients who had
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Figure 1. Time to death or lung transplant among 955 patients in the Idiopathic Pulmonary
Fibrosis Prospective Outcomes Registry.
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undergone a lung transplant were not
reported to have had a lung transplant
evaluation. Patients who were evaluated for

a lung transplant tended to be younger
and to have worse physiologic measures of
disease severity and quality of life, but they

also had fewer comorbidities than patients
who did not undergo lung transplant
evaluation (Table E5).

Table 1. Patient characteristics, stratified by eventual disposition

Characteristics at
Enrollment Overall Cohort Underwent Lung Transplant Died without Lung Transplant

No. of subjects 955 96 221
Demographics
Age, yr 70 (65–75) 65 (61–69) 72 (67–77)
Female 25.4% (243) 19.8% (19) 21.3% (47)
White 94.2% (878) 95.7% (88) 93.1% (203)
Black 1.8% (17) 2.2% (2) 2.8% (6)
Other race 4.0% (37) 2.2% (2) 4.1% (9)
Hispanic ethnicity 4.1% (36) 3.4% (3) 4.8% (10)
Private insurance 61.3% (585) 70.8% (68) 62.0% (137)
Family history of ILD 19.5% (176) 26.9% (25) 11.6% (25)
Distance to enrolling site,

miles
32 (14–93) 35 (15–113) 40 (14–110)

Median zip code income,
US $1,000

60.8 (47.5–79.7) 66.4 (53.3–85.4) 55.8 (44.2–73.0)

Lung transplant center at
enrolling site

77.5% (740) 93.8% (90) 82.8% (183)

Disease history and severity
Time since first imaging

evidence of pulmonary
fibrosis, yr

0.6 (0.3–1.4)* 0.4 (0.3–1.1) 0.6 (0.3–1.4)

BMI, kg/m2 28.9 (25.9–32.4) 29.3 (26.7–32.1) 27.8 (24.9–32.4)
FVC, % predicted 70.1 (59.7–80.8) 61.1 (49.5–72.4) 64.2 (55.8–74.9)
DLCO, % predicted 42.6 (33.0–51.7)* 34.2 (27.7–43.2) 35.1 (26.3–43.8)
O2 at rest 18.9% (176) 31.5% (29) 38.4% (83)
O2 with exertion 32.9% (305) 54.3% (50) 52.8% (114)
Respiratory hospitalization† 16.7% (153) 19.1% (18) 24.1% (51)

Medical history
Current smoker 1.7% (16) 0 1.4% (3)
Prior smoker, within 1 yr 2.5% (21)* 4.7% (4) 4.1% (8)
Comorbidity count‡ 2 (1–2)* 1 (0–2) 2 (1–3)
GERD 56.3% (535) 57.3% (55) 56.1% (124)
CAD 29.3% (279) 17.7% (17) 34.5% (76)
Sleep apnea 28.2% (268) 18.9% (18) 31.7% (70)
Diabetes 20.5% (195) 18.8% (18) 21.7% (48)
Emphysema on HRCT 12.6% (120) 10.4% (10) 14.1% (31)
Atrial fibrillation or flutter 10.7% (102) 8.3% (8) 15.0% (33)

Patient-reported outcomes
SGRQ total score 39.3 (25.2–52.9) 44.1 (38.1–56.6) 47.2 (36.1–62.1)
SGRQ activity score 56.1 (40.6–72.8) 59.5 (53.5–79.7) 67.9 (53.5–79.9)
SGRQ symptoms score 43.0 (29.4–60.4) 50.9 (39.9–68.2) 51.1 (37.3–68.3)
SGRQ impact score 25.9 (13.7–41.4) 32.8 (22.8–46.5) 34.2 (20.9–52.3)

Medications
Antifibrotic 53.8% (514) 64.6% (62) 52.5% (116)
Oral steroid 12.7% (109) 20.5% (18) 18.0% (37)
Immunosuppressive/cytotoxic 1.3% (11) 3.4% (3) 2.0% (4)
PPI 55.0% (475) 63.6% (56) 55.3% (114)

Definition of abbreviations: BMI=body mass index; CAD=coronary artery disease; CHF=congestive heart failure; CKD=chronic kidney
disease; DLCO=diffusing capacity of the lung for carbon monoxide; DVT=deep venous thrombosis; FVC= forced vital capacity;
GERD=gastroesophageal reflux disease; HIV=human immunodeficiency virus; HRCT=high-resolution computed tomography; ICH= intracranial
hemorrhage; ILD= interstitial lung disease; PE=pulmonary embolus; PPI =proton pump inhibitor; SGRQ=St. George’s Respiratory
Questionnaire.
Median (interquartile range) follow-up among transplant-free survivors was 29 (20–41) months. Data are median (25th percentile–75th percentile)
or percent (count).
*Data were missing for 10–20% of the patients.
†In the 12 months before enrollment in the Idiopathic Pulmonary Fibrosis Prospective Outcomes Registry.
‡Sum of the following comorbidities: CHF; CKD; chronic liver disease; CAD; stroke or ICH; DVT or PE; atrial fibrillation or flutter; GERD; sleep
apnea; diabetes; lung or other cancer; pulmonary hypertension; and HIV, hepatitis B or C, or tuberculosis. Comorbidity count was calculated
only among patients who had data for all 15 comorbidities. Comorbidities reported in more than 10% of patients in the overall cohort are shown
individually in this table.
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Among the 135 patients evaluated
for lung transplant after registry
enrollment, 29.0% (95% CI, 22.7–35.6)
had undergone lung transplant at 2 years,

and 11.7% (95% CI, 7.6–16.8) had died.
Among patients evaluated for a lung
transplant, registry enrollment at a site
with a lung transplant program and

shorter distance between patient’s and
enrolling site’s zip codes were associated
with lung transplant but not death
(Table 3).

Age (per 5-yr increase)*
<70 years Lung transplant 0.89 (0.73, 1.09)

HR (95% CI)
P Value for
Differential
Association

0.87 (0.73, 1.04)

0.13 (0.06, 0.28)

1.41 (1.22, 1.64)

4.31 (1.76, 10.54)

7.95 (2.96, 21.34)

1.22 (1.13, 1.31)

0.99 (0.94, 1.04)

0.99 (0.69, 1.43)

1.68 (1.13, 2.51)

0.85 (0.68, 1.05)

1.23 (1.06, 1.42)

0.96 (0.90, 1.02)

0.87 (0.84, 0.91)

0.91 (0.82, 1.02)

1.03 (0.99, 1.08)

0.98 (0.95, 1.02)

1.02 (1.00, 1.04)

1.43 (0.93, 2.20)

2.04 (1.47, 2.82)

0.84 (0.52, 1.35)

1.05 (0.79, 1.38)

1.28 (1.11, 1.48)

1.16 (1.06, 1.26)

0.74 (0.66, 0.83)

0.84 (0.78, 0.90)

1.13 (0.75, 1.72)

0.95 (0.75, 1.20)

0.83 (0.76, 0.90)

0.88 (0.83, 0.92)

0.91 (0.58, 1.44)

1.12 (1.01, 1.24)

1.06 (0.52, 2.14)

1.32 (0.91, 1.93)

1.42 (0.88, 2.30)

1.19 (0.87, 1.63)

0.94 (0.83, 1.06)
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Figure 2. Differential association of covariates with lung transplant and death. The model included all the covariates shown. Variables are
shown in order of greatest to least differential association. *These continuous variables had a nonlinear relationship with at least one outcome.
For generating P values, they were fit with restricted cubic splines. For generating hazard ratios, the relationships were approximated with
piecewise linear splines. †The confidence interval for lung transplant is wide for these variables because there are very few events among
patients at non-transplant program sites, or patients not on O2 with activity at any time. ‡From which the patient was discharged alive without a
lung transplant. §Upper limit of 95% CI was 10.54. kHR 7.95 (95% CI: 2.96–21.34). BMI=body mass index; CI = confidence interval;
DLCO=diffusing capacity of the lung for carbon monoxide; FVC= forced vital capacity; HR=hazard ratio; HRCT=high-resolution computed
tomography; SGRQ=St. George’s Respiratory Questionnaire.
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Discussion

We evaluated the contributions of clinical
characteristics and social determinants of
health to the differential risk of lung
transplant compared with death in patients
with IPF.We found that regardless of IPF
disease severity measures and lung transplant
eligibility factors (i.e., age, BMI,
comorbidities), higher median zip code
income and registry enrollment at a center
with a lung transplant program were
associated with an increased risk of lung
transplant but not death. Oxygen use with
activity was associated with both lung
transplant and death, but more strongly with
lung transplant. Our results were consistent
across several sensitivity analyses.

Our study adds to a growing body of
literature that suggests that social
disadvantage is associated with meaningful
clinical consequences in patients with IPF
(15–17). Consistent with our finding of an
association betweenmedian zip code income
and lung transplant, a recent study found a
lower odds of lung transplant in patients with
IPF who had greater neighborhood-level

disadvantage (18). This suggests that
although zip code areas can be large and
heterogeneous, zip code–level median
incomemay still be a reliable measure of
neighborhood or individual socioeconomic
status within certain regions (19). Prior
studies have demonstrated that low zip
code–based income decreases the likelihood
of wait-listing for a kidney transplant (20)
and a lung transplant among patients with
cystic fibrosis (7, 9), although the clinical
outcome of non–wait-listed patients is
unclear. Our study extends this work and
determines the association of covariates
with firm patient-centered outcomes of lung
transplant and death using a competing
risks framework. The finding that residing
in a more affluent area increases the
probability of lung transplant but not death
has implications for efforts to address
inequalities in donor organ allocation based
on socioeconomic status. Lung transplant
can be financially burdensome, with costs
related to pretransplant evaluation and
testing, surgery, follow-up care,
rehabilitation, and relocation. Preevaluation
financial screening may propagate

socioeconomic inequalities by limiting
evaluation to individuals with resources to
afford this process. Health policies that
supplement the cost of a lung transplant for
individuals who cannot afford this process
may ensure more equitable care for patients
with IPF.

Another important finding from this
study is that access to a lung transplant
center, as captured by the presence of a lung
transplant program at the enrolling site, was
associated with lung transplant but not
death. Prior research has evaluated access to
a lung transplant center using both
geographic distance and rural dwelling and
found that living farther away from a lung
transplant center decreases the likelihood of
lung transplant listing (21). In contrast, a
more recent analysis found that a longer
travel distance was associated with favorable
wait-list outcomes in patients seeking a lung
transplant (22). Longer travel distance to a
clinic has also been associated with an
increased risk of death or lung transplant in
patients with other fibrotic interstitial lung
diseases (23). The distance between the
patient’s and enrolling site’s zip codes had a

Table 2. Differential association of covariates with lung transplant and death among patients likely eligible for lung transplant*

Risk Factor†
Lung Transplant-Specific

HR (95% CI)
Death-Specific
HR (95% CI)

P Value for
Differential
Association

Median zip code
income

1.31 (1.16–1.47) Per $10,000 increase 0.97 (0.83–1.12) Per $10,000 increase 0.001

Lung transplant
program at the
enrolling site‡

14.87 (3.27–67.68) 3.11 (1.14–8.44) 0.03

DLCO, % predicted§ 0.65 (0.55–0.77) Up to 50 0.77 (0.66–0.91) Up to 50 0.12
(HR shown per 5%

increase)
1.20 (0.71–2.06) Over 50 1.37 (0.84–2.22) Over 50

FVC, % predicted§ 0.74 (0.67–0.82) Up to 80 0.85 (0.75–0.96) Up to 80 0.29
(HR shown per 5%

increase)
0.95 (0.57–1.59) Over 80 0.82 (0.50–1.37) Over 80

Comorbidity count
(up to 3)

1.01 (0.75–1.36) Per one additional 1.34 (0.98–1.85) Per one additional 0.30

O2 at rest 1.10 (0.58–2.08) 0.84 (0.44–1.63) 0.51
O2 with activity‡ 10.15 (2.22–46.51) 7.14 (2.27–22.44) 0.63
SGRQ activity score 1.41 (1.17–1.70) Per 10-point increase 1.31 (1.08–1.58) Per 10-point increase 0.76
Distance to site 0.98 (0.93–1.03) Per 10-mile increase 0.96 (0.91–1.01) Per 10-mile increase 0.95

Definition of abbreviations: CI = confidence interval; DLCO=diffusing capacity of the lung for carbon monoxide; FVC= forced vital capacity;
HR=hazard ratio; SGRQ=St. George’s Respiratory Questionnaire.
The model included all the covariates in the table. Variables are shown in order of greatest to least differential association.
*Patients were deemed eligible if they were <70 years old, had body mass index of <30 kg/m2, were not an active smoker, and had no history
of chronic kidney disease, congestive heart failure, chronic liver disease, or human immunodeficiency virus. Eligibility was assessed at baseline
and, for patients not eligible at baseline, reassessed throughout follow-up; patients could enter the eligibility group at any time.
†The nine variables from the primary analysis that had the strongest overall association with the endpoints were considered in this model,
except for age and body mass index, which were eligibility criteria.
‡The CI for lung transplant is wide for these variables because there were very few events among patients at non–transplant program sites or
patients not receiving O2 with activity at any time.
§These continuous variables had a nonlinear relationship with at least one outcome in the overall cohort. For generating P values, they were fit
with restricted cubic splines. For generating HRs, the relationships were approximated with piecewise linear splines.
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differential association in our study,
particularly in individuals evaluated for lung
transplant, in whom shorter distances were
associated with lung transplant. However,
other factors may also influence access to
lung transplant. For example, it is
conceivable that physicians caring for
patients with IPF at centers with lung
transplant programs are more aware of lung
transplant as a therapeutic option or are
more likely to refer patients with higher-risk
features such as older age. Alternatively, it is
possible that patients with IPF who want to
undergo lung transplant preferentially
transition their IPF care to a lung transplant
center. Importantly, lung transplant events
were distributed amongmany centers, and
the multicenter nature of the cohort is
reflective of various listing practices.
Pulmonologists may have the opportunity to
increase access to transplant by educating
patients with IPF about lung transplant early
in the course of the disease.

The variable and rapid disease
progression that can occur in patients with
IPFmay increase the difficulty of timely lung
transplant evaluation and listing. As such,
there has been a recent emphasis on oxygen
use and respiratory hospitalization in the
timing of lung transplant listing (6).
Respiratory hospitalizations (before or after
enrollment) fromwhich a patient was
discharged alive did not associate with
subsequent lung transplant or death in our
analysis. Although seemingly contrasting
with data from clinical trials (24–26) and
retrospective studies (27, 28) that
demonstrated an association between
respiratory hospitalizations and increased

mortality in patients with IPF, our finding is
likely related to the inclusion of only
respiratory hospitalizations fromwhich the
patient was discharged alive without a
transplant. Furthermore, the inclusion of
other clinical factors that may associate with
increased risk of hospitalization, such as
oxygen use and lung function, may influence
the relationship between respiratory
hospitalization and death in this analysis (29).

Only 25.9% of patients in the IPF-PRO
Registry were listed as ever having
undergone a lung transplant evaluation.
Although this likely underestimates the
proportion of patients who underwent a
formal or informal referral, it suggests that
lung transplant may be underused in patients
with IPF. Interestingly, 39% of patients who
underwent a lung transplant in our cohort
were not considered “likely to be eligible for
transplant” based on age older than 70 years,
BMI greater than 30 kg/m2, or specific
comorbidities (CKD, CHF, chronic liver
disease, or HIV). These patients were spread
across multiple centers, highlighting the
nuanced nature of transplant candidacy
assessment. This finding emphasizes the
importance of transplant consideration for
all patients and the need for strong
relationships between IPF providers and
their regional transplant programs.
Furthermore, the transition of.50 patients
from “ineligible for transplant” at registry
enrollment to “eligible” later demonstrates
the value of continually reassessing for
transplant eligibility.

This analysis could not account for
several important factors that may
differentially impact the probability of lung

transplant and death, including a patient’s
preferences and functional status. In
addition, our comorbidity count weighted
each medical problem equally, which does
not reflect clinical practice. The social
determinants of health that we captured were
not exhaustive and did not include factors
such as social support, education, individual
income, or race. Because our cohort was
predominantlyWhite, we were unable to
evaluate the impact of race and ethnicity.
Prior studies have demonstrated that patients
who are members of ethnic minority groups
are less likely to survive to transplant (30, 31)
and have greater severity of illness at the time
of listing. Few patients in our cohort were
uninsured or hadMedicaid coverage, which
limited the evaluation of insurance type. The
absence of such disadvantaged patients in the
IPF-PRO Registry may have resulted in an
underestimation of the disparities in lung
transplantation in this analysis. Finally, post-
transplant outcomes are uncertain because
patients were not followed after receiving
transplants. A notable strength of our study
is the incorporation of time-dependent
covariates, which is particularly relevant in
IPF, given its unpredictable course.

Conclusions
Regardless of disease severity measures and
factors associated with lung transplant
eligibility, patients with IPF who have
access to a lung transplant center and live
in a more affluent area have a higher
probability of receiving lung transplant.
Given the continued progression of IPF
despite current treatment strategies, lung
transplant is underused in IPF. Future

Table 3. Differential association of covariates with lung transplant and death among patients evaluated for lung transplant after
registry enrollment

Risk Factor*
Lung Transplant-Specific

HR (95% CI)
Death-Specific
HR (95% CI)

P Value for
Differential
Association

Site transplant program 3.06 (1.21–7.71) 0.69 (0.31–1.54) 0.01
Distance to site 0.96 (0.92–0.99) Per 10-mile increase 1.02 (0.97–1.07) Per 10-mile increase 0.02
Comorbidity count (up to 3) 0.87 (0.70–1.08) Per one additional 1.49 (1.02–2.19) Per one additional 0.02
SGRQ activity score 1.43 (1.23–1.65) Per 10-point increase 1.17 (0.96–1.43) Per 10-point increase 0.10
O2 at rest 1.61 (1.02–2.53) 2.99 (1.34–6.67) 0.20
Median zip code income 1.04 (0.96–1.13) Per $10,000 increase 0.99 (0.86–1.14) Per $10,000 increase 0.53
O2 with activity† 3.97 (1.40–11.23) 7.65 (1.00–58.78) 0.79

Definition of abbreviations: CI = confidence interval; HR=hazard ratio; SGRQ=St. George’s Respiratory Questionnaire.
The model included all the covariates in the table. Variables are shown in order of greatest to least differential association.
*The seven variables from the primary analysis that had the strongest overall association with the endpoints were considered in this model,
except for age and body mass index.
†CIs are wide for this variable because, among patients evaluated for lung transplant, very few were not receiving O2 with activity at any time,
and among these patients, there were only a few events.
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interventions should focus on mitigating
inequalities based on socioeconomic and
geographic factors.�

Author disclosures are available with the
text of this article at www.atsjournals.org.

Acknowledgment: The authors thank the
principal investigators and enrolling centers in
the IPF-PRO Registry.

IPF-PRO Registry Investigators:
Albert Baker, Lynchburg Pulmonary
Associates, Lynchburg, Virginia; Scott Beegle,
Albany Medical Center, Albany, New York;
John A. Belperio, University of California, Los
Angeles, Los Angeles, California; Rany
Condos, New York University Medical Center,
New York, New York; Francis Cordova, Temple
University, Philadelphia, Pennsylvania; Daniel
A. Culver, Cleveland Clinic, Cleveland, Ohio;
Daniel F. Dilling, Loyola University Health
System, Maywood, Illinois; John Fitzgerald
(formerly Leann Silhan), UT Southwestern
Medical Center, Dallas, Texas; Kevin R.
Flaherty, University of Michigan, Ann Arbor,
Michigan; Kevin Gibson, University of
Pittsburgh, Pittsburgh, Pennsylvania; Mridu
Gulati, Yale School of Medicine, New Haven,
Connecticut; Kalpalatha Guntupalli, Baylor

College of Medicine, Houston, Texas; Nishant
Gupta, University of Cincinnati Medical Center,
Cincinnati, Ohio; Amy Hajari Case, Piedmont
Healthcare, Atlanta, Georgia; David Hotchkin,
The Oregon Clinic, Portland, Oregon; Tristan J.
Huie, National Jewish Health, Denver,
Colorado; Robert J. Kaner, Weill Cornell
Medical College, New York, New York; Hyun J.
Kim, University of Minnesota, Minneapolis,
Minnesota; Lisa H. Lancaster (formerly Mark
Steele), Vanderbilt University Medical Center,
Nashville, Tennessee; Joseph A. Lasky, Tulane
University, New Orleans, Louisiana; Doug Lee,
Wilmington Health and PMG Research,
Wilmington, North Carolina; Timothy Liesching,
Lahey Clinic, Burlington, Massachusetts;
Randolph Lipchik, Froedtert & The Medical
College of Wisconsin Community Physicians,
Milwaukee, Wisconsin; Jason Lobo, University
of North Carolina at Chapel Hill, Chapel Hill,
North Carolina; Tracy R. Luckhardt (formerly
Joao A. de Andrade), University of Alabama at
Birmingham, Birmingham, Alabama; Yolanda
Mageto (formerly Howard Huang), Baylor
University Medical Center at Dallas, Dallas,
Texas; Prema Menon (formerly Yolanda
Mageto), Vermont Lung Center, Colchester,
Vermont; Lake Morrison, Duke University
Medical Center, Durham, North Carolina;
Andrew Namen, Wake Forest University,
Winston-Salem, North Carolina; Justin M.

Oldham, University of California, Davis,
Sacramento, California; Tessy Paul, University
of Virginia, Charlottesville, Virginia; David
Zhang (formerly Anna Podolanczuk, David
Lederer, Nina M. Patel), Columbia University
Medical Center/NewYork-Presbyterian
Hospital, New York, New York; Mary Porteous
(formerly Maryl Kreider), University of
Pennsylvania, Philadelphia, Pennsylvania; Rishi
Raj (formerly Paul Mohabir), Stanford
University, Stanford, California; Murali
Ramaswamy, PulmonIx LLC, Greensboro,
North Carolina; Tonya Russell, Washington
University, St. Louis, Missouri; Paul Sachs,
Pulmonary Associates of Stamford, Stamford,
Connecticut; Zeenat Safdar, Houston Methodist
Lung Center, Houston, Texas; Shirin Shafazand
(formerly Marilyn Glassberg), University of
Miami, Miami, Florida; Ather Siddiqi (formerly
Wael Asi), Renovatio Clinical, The Woodlands,
Texas; Barry Sigal, Salem Chest and
Southeastern Clinical Research Center,
Winston-Salem, North Carolina; Mary E. Strek
(formerly Imre Noth), University of Chicago,
Chicago, Illinois; Sally Suliman (formerly Jesse
Roman), University of Louisville, Louisville,
Kentucky; Jeremy Tabak, South Miami
Hospital, South Miami, Florida; Rajat Walia, St.
Joseph’s Hospital, Phoenix, Arizona; and
Timothy P. M. Whelan, Medical University of
South Carolina, Charleston, South Carolina.

References

1 Raghu G, Remy-Jardin M, Myers JL, Richeldi L, Ryerson CJ, Lederer DJ,
et al.; American Thoracic Society, European Respiratory Society,
Japanese Respiratory Society, and Latin American Thoracic Society.
Diagnosis of idiopathic pulmonary fibrosis. An official ATS/ERS/JRS/
ALAT clinical practice guideline. Am J Respir Crit Care Med 2018;198:
e44–e68.

2 Richeldi L, du Bois RM, Raghu G, Azuma A, Brown KK, Costabel U,
et al.; INPULSIS Trial Investigators. Efficacy and safety of nintedanib in
idiopathic pulmonary fibrosis. N Engl J Med 2014;370:2071–2082.

3 King TE Jr, Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole I,
Glassberg MK, et al.; ASCEND Study Group. A phase 3 trial of
pirfenidone in patients with idiopathic pulmonary fibrosis. N Engl J Med
2014;370:2083–2092.

4 Valapour M, Lehr CJ, Skeans MA, Smith JM, Uccellini K, Goff R, et al.
OPTN/SRTR 2018 annual data report: lung. Am J Transplant 2020;20:
427–508.

5 Egan TM, Murray S, Bustami RT, Shearon TH, McCullough KP, Edwards
LB, et al. Development of the new lung allocation system in the United
States. Am J Transplant 2006;6:1212–1227.

6 Leard LE, Holm AM, Valapour M, Glanville AR, Attawar S, Aversa M,
et al. Consensus document for the selection of lung transplant
candidates: an update from the International Society for Heart and
Lung Transplantation. J Heart Lung Transplant 2021;40:1349–1379.

7 Quon BS, Psoter K, Mayer-Hamblett N, Aitken ML, Li CI, Goss CH.
Disparities in access to lung transplantation for patients with cystic
fibrosis by socioeconomic status. Am J Respir Crit Care Med 2012;
186:1008–1013.

8 Ramos KJ, Quon BS, Psoter KJ, Lease ED, Mayer-Hamblett N, Aitken
ML, et al. Predictors of non-referral of patients with cystic fibrosis for
lung transplant evaluation in the United States. J Cyst Fibros 2016;15:
196–203.

9 Lehr CJ, Fink AK, Skeans M, Faro A, Fernandez G, Dasenbrook E, et al.
Impact of socioeconomic position on access to the U.S. lung transplant
waiting list in a matched cystic fibrosis cohort. Ann Am Thorac Soc
2020;17:1384–1392.

10 O’Brien EC, Durheim MT, Gamerman V, Garfinkel S, Anstrom KJ, Palmer
SM, et al. Rationale for and design of the Idiopathic Pulmonary
Fibrosis-PRospective Outcomes (IPF-PRO) registry. BMJ Open Respir
Res 2016;3:e000108.

11 Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, et al.;
ATS/ERS/JRS/ALAT Committee on Idiopathic Pulmonary Fibrosis. An
official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary fibrosis:
evidence-based guidelines for diagnosis and management. Am J
Respir Crit Care Med 2011;183:788–824.

12 Scientific Registry of Transplant Recipients. Transplant center search
results [accessed 2020 Aug 18]. Available from: https://www.srtr.org/
transplant-centers/?&organ=lung&recipientType=adult&sort=
volume&page=2.

13 United States Census Bureau. Explore census data [accessed 2020 Aug
20]. Available from: https://data.census.gov/cedsci/.

14 Lunn M, McNeil D. Applying Cox regression to competing risks.
Biometrics 1995;51:524–532.

15 Gaffney AW, Woolhander S, Himmelstein D, McCormick D. Disparities
in pulmonary fibrosis care in the United States: an analysis from
the Nationwide Inpatient Sample. BMC Health Serv Res 2018;18:
618.

16 Ses�e L, Caliez J, Annesi-Maesano I, Cottin V, Pesce G, Didier M, et al.;
COFI collaborators. Low income and outcome in idiopathic pulmonary
fibrosis: An association to uncover. Respir Med 2021;183:106415.

17 Avitzur N, Noth EM, Lamidi M, Nathan SD, Collard HR, DeDent AM, et al.
Relative environmental and social disadvantage in patients with
idiopathic pulmonary fibrosis. Thorax [online ahead of print] 23 Dec
2021; DOI: 10.1136/thoraxjnl-2021-217652.

18 Goobie GC, Ryerson CJ, Johannson KA, Schikowski E, Zou RH, Khalil
N, et al. Neighborhood-level disadvantage impacts on patients
with fibrotic interstitial lung disease. Am J Respir Crit Care Med
2022;205:459-467.

19 Krieger N, Zierler SH, Joseph W, Waterman P, Chen J, Lemiuex K,
et al. Geocoding and measurement of neighborhood socioeconomic
position: a U.S. perspective. In: Kawachi I, Berkman LF, editors.
Neighborhoods and health. Oxford, UK: Oxford University Press;
2003. pp. 147–178.

ORIGINAL RESEARCH

Swaminathan, Hellkamp, Neely, et al.: Lung Transplant in the IPF-PRO Registry 989

http://www.atsjournals.org/doi/suppl/10.1513/AnnalsATS.202105-589OC/suppl_file/disclosures.pdf
http://www.atsjournals.org
https://www.srtr.org/transplant-centers/?&organ=lung&recipientType=adult&sort=volume&page=2
https://www.srtr.org/transplant-centers/?&organ=lung&recipientType=adult&sort=volume&page=2
https://www.srtr.org/transplant-centers/?&organ=lung&recipientType=adult&sort=volume&page=2
https://data.census.gov/cedsci/
https://doi.org/10.1136/thoraxjnl-2021-217652


20 Axelrod DA, Dzebisashvili N, Schnitzler MA, Salvalaggio PR, Segev DL,
Gentry SE, et al. The interplay of socioeconomic status, distance to
center, and interdonor service area travel on kidney transplant access
and outcomes. Clin J Am Soc Nephrol 2010;5:2276–2288.

21 Thabut G, Munson J, Haynes K, Harhay MO, Christie JD, Halpern SD.
Geographic disparities in access to lung transplantation before and
after implementation of the lung allocation score. Am J Transplant
2012;12:3085–3093.

22 Tsuang WM, Arrigain S, Lopez R, Budev M, Schold JD. Lung transplant
waitlist outcomes in the United States and patient travel distance. Am J
Transplant 2021;21:272–280.

23 Johannson KA, Lethebe BC, Assayag D, Fisher JH, Kolb M, Morisset J,
et al. Travel distance to subspecialty clinic and outcomes in patients with
fibrotic interstitial lung disease. Ann Am Thorac Soc 2022;19:20–27.

24 Durheim MT, Collard HR, Roberts RS, Brown KK, Flaherty KR, King TE
Jr, et al.; IPFnet investigators. Association of hospital admission and
forced vital capacity endpoints with survival in patients with idiopathic
pulmonary fibrosis: analysis of a pooled cohort from three clinical trials.
Lancet Respir Med 2015;3:388–396.

25 Paterniti MO, Bi Y, Reki�c D, Wang Y, Karimi-Shah BA, Chowdhury BA.
Acute exacerbation and decline in forced vital capacity are associated

with increased mortality in idiopathic pulmonary fibrosis. Ann Am
Thorac Soc 2017;14:1395–1402.

26 du Bois RM, Weycker D, Albera C, Bradford WZ, Costabel U, Kartashov
A, et al. Ascertainment of individual risk of mortality for patients with
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med 2011;184:
459–466.

27 Brown AW, Fischer CP, Shlobin OA, Buhr RG, Ahmad S, Weir NA, et al.
Outcomes after hospitalization in idiopathic pulmonary fibrosis: a cohort
study. Chest 2015;147:173–179.

28 Kishaba T, Nagano H, Nei Y, Yamashiro S. Body mass index-percent
forced vital capacity-respiratory hospitalization: new staging for
idiopathic pulmonary fibrosis patients. J Thorac Dis 2016;8:3596–3604.

29 Westreich D, Greenland S. The Table 2 fallacy: presenting and
interpreting confounder and modifier coefficients. Am J Epidemiol 2013;
177:292–298.

30 Lederer DJ, Arcasoy SM, Barr RG, Wilt JS, Bagiella E, D’Ovidio F, et al.
Racial and ethnic disparities in idiopathic pulmonary fibrosis: a UNOS/
OPTN database analysis. Am J Transplant 2006;6:2436–2442.

31 Mooney JJ, Hedlin H, Mohabir P, Bhattacharya J, Dhillon GS. Racial and
ethnic disparities in lung transplant listing and waitlist outcomes. J
Heart Lung Transplant 2018;37:394–400.

ORIGINAL RESEARCH

990 AnnalsATS Volume 19 Number 6 | June 2022


