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Abstract

Rationale: Obesity is associated with pulmonary arterial hypertension
(PAH), but its impact on outcomes such as health-related quality of life
(HRQoL), hospitalizations, and survival is not well understood.

Objectives: To assess the effect of obesity on HRQoL,
hospitalizations, and survival in patients with PAH.

Methods: We performed a cohort study of adults with PAH from
the Pulmonary Hypertension Association Registry, a prospective
multicenter registry. Multivariate linear mixed-effects regression was
used to examine the relationship between weight categories and
HRQoL using the Short Form-12 and emPHasis-10. We used
multivariable negative binomial regression to estimate hospitalization
incidence rate ratios (IRRs) and Cox regression to estimate hazard
ratios (HRs) for transplant-free survival by weight status.

Results: A total of 767 subjects were included (mean age of 57
years, 74% female, 33% overweight, and 40% with obesity), with

median follow-up duration of 527 days. Overweight patients

and patients with obesity had higher baseline emPHasis-10

scores (worse HRQoL), which persisted over time (P < 0.001).
Patients who are overweight and obese have a trend toward
increased incidence of hospitalizations compared with normal-
weight patients (IRR, 1.34; 95% confidence interval [95% CI], 0.94—
1.92 and IRR, 1.33; 95% CI 0.93-1.89, respectively). Overweight
patients and patients with obesity had lower risk of transplant or
death compared with normal-weight patients (HR, 0.45; 95% CI,
0.25-0.80 and HR, 0.39; 95% CI, 0.22-0.70, respectively).

Conclusions: In a large multicenter, prospective cohort of PAH,
patients who were overweight or obese had worse disease-specific
HRQoL despite better transplant-free survival compared with
normal-weight patients. Future interventions should address the
specific needs of these patients.

Keywords: pulmonary arterial hypertension; obesity; quality of
life; hospitalization; survival analysis
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ORIGINAL RESEARCH

Pulmonary arterial hypertension (PAH) is
characterized by elevated pulmonary artery
pressure, right ventricular dysfunction,
exercise limitation, and limited life
expectancy. Historically described as a
disease of young, otherwise healthy women,
the epidemiology of PAH has evolved over
time (1). Currently, patients with PAH

are older and approximately one-third

are obese (2-4). Although human

and experimental models suggest that
obesity may predispose individuals to the
development of PAH (5-7), in some studies,
obesity has been associated with better
survival, a phenomenon coined the “obesity
paradox” (4).

PAH exerts a significant negative
impact on health-related quality of life
(HRQoL) (8). As the focus of PAH care
expands beyond improving survival,
patient-centered outcomes such as HRQoL
and hospitalizations have become a
therapeutic target and included as outcome
measures in recent clinical trials (9).
Although obesity is associated with worse
HRQoL in the general population, less is
known about the effect of obesity on HRQoL
in PAH (10, 11). Studies of the impact of
obesity on survival in PAH have conflicting
results. Obesity was associated with better
survival in the Registry to Evaluate Early and
Long-Term PAH Disease Management
(REVEAL) and decreased in-hospital
mortality in an inpatient claims dataset (4,
12); however, it was not associated with
decreased mortality in the French PAH
Registry (13).

We aimed to assess the association
of obesity with HRQoL, hospitalizations,
and survival in patients with PAH using
data from the prospective Pulmonary
Hypertension Association Registry (PHAR),
a multicenter registry of patients with PAH
in the United States. We hypothesized that
overweight patients and patients with
obesity with PAH would be associated with
worse HRQoL but better overall survival
compared with normal-weight patients.

Methods

Study Sample

We studied patients with newly diagnosed
or established PAH who enrolled in the
PHAR between 2015 and September 2019 at
one of the 50 participating pulmonary
hypertension care centers. We included
patients age 18 or more with a diagnosis of
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PAH. We excluded those with pulmonary
veno-occlusive disease, persistent
pulmonary hypertension of the newborn,
and chronic thromboembolic pulmonary
embolism. Patients with missing body mass
index (BMI) data at enrollment and those
classified as underweight (BMI < 18.5 kg/
m?) were also excluded, as the number of
underweight patients was insufficient to
draw meaningful conclusions.

Clinical Variables

Patients enrolled into the registry have
demographics, clinical parameters, and
hemodynamics from their diagnostic

right heart catheterization recorded at their
initial visit and are seen in follow-up as
clinically indicated, with data collected

in approximately 6-month intervals (14).
Anthropometric data are collected at the
initial and subsequent visits. Weight status
was defined by BMI as normal weight
(BMI = 18.5-24.9 kg/m?), overweight
(BMI =25.0-29.9 kg/m?), and obese

(BMI = 30.0 kg/m?). Percentage predicted
6-minute walk distance (6MWD) was
calculated from the ratio of the actual
6MWD to the predicted 6MWD derived
from sex-specific reference equations (15).

Study Outcomes

The PHAR administers the following two
HRQoL questionnaires at each visit: the
Medical Outcome Study Short Form-12 (SE-
12) and the emPHasis-10 (e10) (16, 17). The
SF-12 is an abbreviated form of the Medical

Initial visits
N =951

Outcome Study Short Form-36 (SF-36) and
is divided into physical and mental domains,
which are each scored from 0 to 100, with
higher scores indicating better HRQoL. The
el0 is a pulmonary hypertension-specific
HRQoL instrument and is scored from 0 to
50, with higher scores indicating worse
HRQoL (16). At each visit, patients report
any interval hospitalizations from their last
visit. Death or lung transplantation were
tracked by the research coordinator at each
participating site.

Statistical Analysis

Baseline data were summarized by weight
strata. We fit mixed-effects generalized
linear regression models with random
intercepts to account for the repeated
measures of weight. We adjusted these
models for variables determined a priori as
potential confounders of the association of
weight strata and HRQoL and significantly
associated with HRQoL on univariate
analysis (age, sex, race/ethnicity, etiology,
marital status, employment status, use

of supplemental oxygen, and referral to
lung transplantation). We assessed effect
modification by age, sex, and race by adding
an interaction term between these variables
and weight strata. Using negative binomial
regression, we estimated hospitalization
incidence rate ratios (IRRs) by weight strata
and included an offset term denoting follow-
up time to account for differential length of
follow-up between individuals. We adjusted
these models for the following a priori

—

Age < 18 years excluded

N=16
Adult patient > 18
N =935 PVOD, PPHN, CTEPH excluded
N =128
%’ 124 CTEPH
PAH 2 PPHN
N = 807 2 PVOD

 E—

Initial BMI available

Initial BMI missing excluded

N =20

N =787

 E—

Underweight (BMI < 18.5 kg/m?)
N

=20

Study sample
N =767

Figure 1. Flowchart of study inclusion. BMI =body mass index; CTEPH = chronic thromboembolic
pulmonary hypertension; PAH = pulmonary arterial hypertension; PPHN = persistent pulmonary
hypertension of the newborn; PVOD = pulmonary veno-occlusive disease.
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Table 1. Baseline characteristics of adult patients with PAH enrolled in PHAR (n=767)

Normal-Weight Patients with Overweight Patients with Patients with PAH and
PAH (n =204) PAH (n=259) Obesity (n =304)
Age, yr 55+17 57 *+16 55+15
Sex, F, % 74 72 80
Race/ethnicity
Non-Hispanic white 63 69 69
African American 17 12 10
Hispanic 7 9 14
Asian 8 3 2
Other 3 7 5
BMI, kg/m? 22.7 (20.9-23.8) 27.5 (26.5-28.5) 35.2 (32.2-39.0)
Diagnosis, %
Idiopathic 29 36 48
Heritable 2 3 4
Drug/toxin-induced 7 14 13
Connective tissue disease 44 33 24
HIV-related 4 1 —
Portopulmonary hypertension 6 9 6
Congenital heart disease 7 3 5
Highest level of education (n=765)
Some schooling 55 54 52
Completed high school, GED, 36 40 39
vocational, or business
Trade school 9 6 9
College or graduate studies
Occupation, %
Homemaker/student/retired 68 73 70
Employed part-time or full-time 27 25 28
Unemployed 5 3 2
Marital status, %
Married/living with partner 57 56 56
Widowed/divorced/separated 21 26 27
Never married 20 16 16
Decline to answer 1 2 1
WHO functional class, % (n=726)
| 10 7 5
Il 36 36 30
11l 46 50 57
I\ 7 7 7
6-minute walk distance, m (n=569) 370+135 341 +124 307 =117
Percent predicted 6-minute walk 73 +36 66 =30 60 =29
distance, %
Supplemental oxygen use, % 40 40 44
Baseline hemodynamics
Right atrial pressure, mm Hg (n=728) 7 (4-12) 9 (5-13) 10 (7-15)
Mean pulmonary artery pressure, 48 £15 4914 51+13
mm Hg (n=744)
Pulmonary artery wedge pressure, 9 (7-12) 10 (7-14) 12 (8-15)
mm Hg (n=712)
Cardiac output, L/min (n=700) 3.65 (2.94-4.74) 4.00 (3.21-5.15) 4.18 (3.60-5.20)
Cardiac index, L/min/m? (n =680) 2.15 (1.71-2.71) 2.15 (1.80-2.70) 2.10 (1.74-2.59)
Pulmonary vascular resistance, WU 10.0 (7.0-14.3) 9.0 (56.8-12.4) 8.7 (6.0-12.2)

(n - 664)

Pulmonary vascular resistance index,
WU-m? (n =664)

Pulmonary arterial compliance, ml//mm

16.8 (12.0-23.0)
1.04 (0.79-1.37)

16.9 (10.5-23.5)
1.14 (0.76-1.89)

18.0 (12.0-24.5)
1.17 (0.84-1.71)

Hg (n=505)
Quality of life measures at time of
enroliment
EmPHasis-10 (n=757) 23 (11-33) 27 (16-34) 28 (19-36)
SF-12 physical score (n=757) 34+7 34=*7 34=+7
SF-12 mental score (n=757) 49+8 48+8 48+9
Lost to follow-up, n (%) 19 (9) 16 (6) 19 (6)
Referred for lung transplant evaluation, 11 () 16 (6) 11 (4)

n (%)
Median follow-up time, d

502 (275-795)

512 (321-812)

557 (321-846)

Definition of abbreviations: BMI =body mass index; GED = General Educational Development; PAH = pulmonary arterial hypertension; PHAR = Pulmonary
Hypertension Association Registry; SF-12 = Short Form-12; WHO = World Health Organization; WU =Wood units.
Values are presented as mean = SD or median (interquartile range) unless otherwise indicated.
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Table 2. Initial PAH-specific therapies

Normal-Weight Patients
with PAH (n =204)

Overweight Patients
with PAH (n =259)

Patients with PAH
and Obesity (n =304)

Phosphodiesterase-5-inhibitors, % 46 38 40
Endothelin receptor antagonists, % 33 26 30
Inhaled prostacyclin analog, % 2 2 2
Parenteral prostacyclin analog, % 14 11 12
Riociguat, % 1 1 3
Selexipag, % 4 — 3
Any medication combination, % 37 23 32
Definition of abbreviation: PAH = pulmonary arterial hypertension.

determined potential confounders: age, sex, are presented in Table 1. One-third of Quality of Life

race/ethnicity, etiology, cardiac index,
right atrial pressure (RAP), receipt of
combination PAH therapy, use of a
parenteral prostacyclin analog, use of
supplemental oxygen, and referral to lung
transplantation. We conducted sensitivity
analysis for the hospitalization models,
restricting the dataset to patients with
idiopathic PAH (IPAH). Kaplan-Meier
curves and the log-rank test were used to
compare transplant-free survival among
different weight strata. Cox proportional
hazards models were used to estimate
hazard ratios (HRs) for transplant-free
survival by weight stratum, adjusting

for the same potential confounders as

the hospitalization models. Subjects were
censored at the time of last follow-up before
March 1, 2020. We did not impute missing
variables or outcomes. For the survival
analysis, we conducted the following two
additional sensitivity analyses: I) exclusion
of lung transplantation as an outcome to
account for potential differences in
transplant candidacy between individuals
with obesity and those without obesity; 2)
additional analyses using only incident
patients who had PAH diagnosed within 6
months of enrollment into PHAR. Statistical
analyses were performed using R version
3.6.1 (18) and R packages Ime4 (19), MASS
(20), and survival (21).

Results

Clinical Characteristics

There were 951 subjects enrolled in PHAR by
April 2019, of whom a total of 767 patients
comprised our study sample (Figure 1). The
baseline characteristics stratified by weight

232

patients were overweight, and 40% had
obesity. The mean age of our study cohort
was 57 years, the majority were female (75%)
and non-Hispanic white (68%), with no
differences among the weight strata. The two
most common etiologies observed were
connective tissue disease-related PAH and
IPAH. Patients with obesity were more
likely to have IPAH than associated PAH
compared with overweight or normal-weight
patients. No significant differences were
observed in levels of education, employment
status, and marital status. Median follow-up
time was similar (502, 512, and 557 days
for normal-weight, overweight, and obese
subjects, respectively; P=0.79).

A greater proportion of patients with
obesity were classified as World Health
Organization (WHO) functional class III or
IV (P=0.02). The 6MWD and percentage
predicted 6MWD decreased with increasing
weight stratum (370, 341, and 307 m and 73,
66, and 60% for normal-weight, overweight,
and obese subjects, respectively; P < 0.001).
Patients with obesity had higher RAP, mean
PA pressure, and pulmonary artery wedge
pressure compared with normal-weight and
overweight patients. Patients with obesity had
a higher cardiac output but a similar cardiac
index. Pulmonary vascular resistance was
lower and pulmonary arterial compliance was
higher in patients with obesity, although there
was no difference in pulmonary vascular
resistance index between weight strata.

There were no differences in PAH-
specific therapy classes by strata (Table 2);
however, overweight patients were less likely
to be on a combination regimen (23%
compared with 37% and 32% for normal-
weight patients and patients with obesity,
respectively; P =0.006).

Overweight patients and patients with
obesity had higher baseline e10 scores (worse
HRQoL) compared with normal-weight
patients (P << 0.001 and 0.01, respectively),
whereas SF-12 physical and mental scores
did not differ among weight strata. The
difference in baseline e10 scores persisted
over time, with the overweight group scoring
on average 1.0 points higher and patients
with obesity scoring on average 3.6 points
higher than normal-weight patients (overall
P < 0.001) after multivariate adjustment
(Figure 2A). We did observe statistically
significant differences in the SF-12 physical
score over time; however, the magnitude of
score difference by weight stratum was not
clinically significant (Figure 2B). We did not
observe any differences in the SF-12 mental
scores by weight strata over time (Figure 2C).
We found significant effect
modification of the relationship between e10
and weight strata by quartiles of age (P for
interaction < 0.007). BMI was strongly
associated with worse €10 scores in all
but the highest quartile of age (=68 yr)
(Figure 3). We did not observe any
significant effect modification of the
relationship between HRQoL and weight
strata by sex or race.

All-Cause Hospitalization and
Transplant-Free Survival

Of the total 767 patients, 685 (89%) had at
least one subsequent follow-up visit, 28
subjects (4%) were not yet due for a follow-
up visit, and 54 (7%) were lost to follow-up.
Overweight patients and patients with
obesity appeared to have a higher incidence
rate of hospitalization compared with
normal-weight individuals, but the results

AnnalsATS Volume 18 Number 2| February 2021
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A
| B SE p value
35 <0.001
Overweight 0.95 0.72
30 Obese 3.56 0.86
Adjusted for age, sex, race/ethnicity, diagnosis, marital status, occupation,
© use of supplemental oxygen, and referral for lung transplantation
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5 1 —o— Normal Weight
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i B SE p value
50 0.01
Overweight 1.25 0.44
Obese 1.08 0.46
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Adjusted for age, sex, race/ethnicity, diagnosis, marital status, occupation,
g use of supplemental oxygen, and referral for lung transplantation
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(2]
©
Q
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w
25 - Weight category
—o— Obese
—o— Overweight
20 —o— Normal Weight
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Follow-up (months)
C
| B SE p value
65 0.33
Overweight -0.55 0.54
60 - Obese -0.83 0.57

Adjusted for age, sex, race/ethnicity, diagnosis, marital status, occupation,
use of supplemental oxygen, and referral for lung transplantation

SF-12 Mental Score
w
o

45 4
40 - Weight category
—o— Obese
—o— Overweight
35 A —o— Normal Weight
0 6 12 18 24 30 36 42

Follow-up (months)

Figure 2. Health-related quality of life scores (HRQoL) by weight categories. Mean HRQoL measures and 95% confidence intervals for different weight
categories. B coefficients are reported from multivariable mixed-effects generalized linear regression models. (A) emPHasis-10 scores (high score =worse
HRQoL). (B) Short Form-12 physical scores (higher score = better HRQoL). (C) Short Form-12 mental scores (higher score = better HRQoL). SE = standard
error; SF-12 =Short Form-12.
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were not statistically significant (IRR, 1.34;
95% confidence interval [95% CIJ, 0.94-
1.92; P=0.09 and IRR, 1.33; 95% CI, 0.93-
1.89; P=0.09, respectively) after adjusting
for age, sex, race/ethnicity, PAH etiology,
cardiac index, RAP, combination therapy,
parenteral prostacyclin analog use, use of
supplemental oxygen, and referral for lung
transplantation. Limiting the cohort to
patients with IPAH only showed similar
nonsignificant trends for increased
hospitalization rates (IRR, 1.23; 95% CI,
0.60-2.56; P=0.55 for overweight patients
and IRR, 1.48; 95% CI, 0.76-2.93; P=0.24 for
patients with obesity).

At the end of the follow-up period, 94
patients (12%) had died, and 12 (2%)
underwent lung transplantation. Overweight
individuals and those with obesity had longer
transplant-free survival compared with
normal-weight patients (Figure 4; P=0.009).
Higher weight stratum was associated with
lower risk of death or lung transplant (HR,
0.45; 95% CI, 0.25-0.80; P=0.007 for
overweight patients and HR, 0.39; 95% CI,
0.22-0.70; P=0.002 for patients with obesity)
when adjusted for age, sex, race/ethnicity,
PAH etiology, cardiac index, RAP,
combination therapy, parenteral prostacyclin
analog use, use of supplemental oxygen, and
referral for lung transplantation. Overall
survival excluding lung transplant was similar
(HR, 0.48; 95% CI, 0.25-0.89; P=0.02 for
overweight patients and HR, 0.43; 95% CI,
0.23-0.78; P=0.006 for patients with obesity).
The findings were similar in the 386 patients
with incident PAH (HR, 0.47; 95% CI, 0.22—-
0.99; P=0.05 for overweight patients and HR,
0.39; 95% CI, 0.19-0.83; P=0.01 for patients
with obesity) and in the 245 patients with
IPAH (HR, 0.31; 95% CI, 0.11-0.89; P=0.03
for overweight patients and HR, 0.15; 95% CI,
0.05-0.44; P < 0.001 for patients with obesity).

Discussion

In a large multicenter prospective cohort
of patients with PAH, we found that
overweight patients and patients with
obesity with PAH had worse pulmonary
hypertension-specific HRQoL. The
impairment in pulmonary hypertension-
specific HRQoL persisted in follow-up
despite treatment with PAH therapies.
Overweight patients and those with obesity
had a trend toward increased incidence rates
for hospitalizations when compared with
normal-weight individuals. Despite this,
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overweight individuals and individuals with
obesity had better overall transplant-free
survival compared with the normal-weight
patients, consistent with an obesity paradox
in PAH.

Forty percent of patients had obesity,
compared with 39% in REVEAL (22)
and 30% in the French PAH Registry (13).
In our study, overweight patients and
patients with obesity had worse pulmonary
hypertension-specific HRQoL both at
baseline and follow-up. These findings are
consistent with the effect of obesity in the
general population and other diseases (23,
24). In a prospective cohort of patients with
chronic obstructive pulmonary disease
(COPD), weight stratum was associated
with both worse disease-specific HRQoL
and general quality of life measured
by SF-36 (25). A greater number of
comorbidities were identified among
patients with obesity as a potential
explanation. In contrast, we found a
significant interaction between age and
weight stratum, with a greater association
between BMI and pulmonary hypertension-
specific HRQoL among younger patients
who are less likely to have other medical
conditions. Physical limitations, on the
other hand, likely play a role (24);
individuals with obesity had shorter
absolute and relative 6 MWD and higher
WHO functional class. E10 assesses
breathlessness, fatigue, lack of energy,
social restrictions, and concerns regarding
effects on patient’s significant others, and
it is possible that patients with obesity
experience these differently compared with
counterparts without obesity(16, 24).

We found statistically significant
differences in the physical component score
of the SF-12 over time between overweight,
obese, and normal-weight patients;
however, the magnitude of the difference
was small and likely not clinically
meaningful (26). We observed no
differences in the mental component score
of the SF-12 over time between weight
strata. Questions remain as to whether
disease-specific measures are more sensitive
than general questionnaires such as the SF-
12 or SF-36. A study comparing various
measures of HRQoL in COPD showed poor
correlation between a disease-specific tool
and the SF-36 (27, 28). Among patients with
PAH, the performance of the SF-36 is
mixed. In one analysis of the Sildenafil Use
in PAH trial, sildenafil initiation resulted in
significant improvements in SF-36

scores (29); however, the minimally
important difference in SF-36 scores was
much higher than expected in responders
versus nonresponders in a post hoc analysis
of the same trial (30). Likewise, in another
PAH cohort, SE-36 scores poorly correlated
with WHO functional class compared
with a disease-specific tool (31). To our
knowledge, there are no published studies
directly comparing the e10 with the SF-12 or
SE-36. The €10 has face validity and
correlates with both WHO functional class
as well as overall mortality among patients
with PAH (16, 32). Therefore, in our study,
the SF-12 may have lacked sensitivity in
distinguishing differences in HRQoL when
compared with a pulmonary hypertension-
specific tool.

In our cohort, overweight patients and
patients with obesity tended to be more
likely to be hospitalized when compared
with normal-weight counterparts. This
association was independent of baseline
hemodynamics, supplemental oxygen use,
referral for lung transplantation, and PAH
medications (factors that reflect underlying
disease severity). As normal-weight patients
had increased prevalence of associated PAH
that may lead to hospitalizations, we
restricted the cohort to IPAH only and
found similar effect estimates. Although the
reason for hospitalization was not available
for analysis, there are several potential
explanations for this phenomenon. First, we
note that overweight patients and patients
with obesity had shorter 6MWD and were
more likely to be WHO functional class III
or IV, representing a greater degree of
functional limitation, which could lower a
patient’s threshold for hospitalization for
both PAH-related and unrelated events. In
addition, with a higher pulmonary artery
wedge pressure observed in the overweight
patients and those with obesity, without
provocative testing, it is possible that these
patients may have occult left heart disease,
particularly heart failure with preserved
ejection fraction (HFpEF) (33, 34).
Pulmonary hypertension in the setting of
HFpEF is associated with a greater risk
for hospitalizations than precapillary PH
disease (35). Finally, an obese body habitus
limits the utility of physical exam findings to
assess volume status and may mask the
degree of lower extremity edema or ascites.
Therefore, overweight patients with PAH
and patients with obesity and PAH may be
more difficult to manage as outpatients from
a volume balance perspective, resulting in
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50+ | Age < 43 years
Age >=43 years and <57 years

[} —— Age >=57 years and <68 years
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N
e 20 ﬁ
[5)
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Figure 3. Interaction plot showing age as an effect modifier between body mass index and emPHasis-
10 score, with sample density shown along the x-axis.

more hospitalizations for volume overload
or iatrogenic overdiuresis.

The term “obesity paradox” was
first used to describe a phenomenon by
which patients with obesity and systolic
heart failure survive longer than their
counterparts without obesity (36, 37). A
similar pattern has been observed in patients
with PAH, despite observational data
showing that obesity is a risk factor for
developing PAH (4, 12, 38, 39). Our
study further supports this paradox using
real-world, prospective data. Significant
differences in transplant-free survival
persisted after adjusting for differences
among the weight strata in PAH etiology,
hemodynamic profile, use of supplemental

oxygen, referral for lung transplantation,
and PAH medications. Pulmonary vascular
resistance was lower for the overweight and
obese groups, although resistances were
similar when indexed to body surface area
and are unlikely to explain the differences in
survival observed. Furthermore, patients
with obesity had higher pulmonary artery
wedge pressures, likely reflecting a greater
prevalence of concomitant HFpEF, which
results in a lower transpulmonary gradient
and PVR. A similar association between
body habitus and survival was found in the
United States-based REVEAL registry but
not in the French PAH Registry (4, 13).
Because obesity is a potential barrier for lung
transplant, we performed analysis for

survival alone to account for different rates
of transplant referral and listing between
obese and nonobese groups, with similar
results.

We also found differences in PAH-
directed medications, namely, normal-
weight patients were most likely to be on
combination therapy (37%), followed by
patients with obesity (32%) and then
overweight patients (23%) despite similar
cardiac index and pulmonary vascular
resistance index. Normal-weight patients
had higher pulmonary vascular resistance
and lower pulmonary arterial capacitance
and a greater proportion of connective tissue
disease-related PAH, which may explain the
high rates of combination therapy use
compared with overweight patients and
patients with obesity. Furthermore,
clinicians may be more likely to treat
patients with obesity with multiple agents
because of perceived higher risk from
associated comorbidities (e.g., HFpEF and
sleep disordered breathing) or in response to
higher symptom burden, more restricted
6MWD, or more frequent hospitalizations.
This observation also raises the possibility of
differences in pharmacokinetics or
treatment effects in overweight patients and
patients with obesity. Patients with higher
weight may receive higher relative doses of
medications because of weight-based dosing
(for parenteral therapy) or may experience
increased tolerance to medications because
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Figure 4. Transplant-free survival by weight status. Kaplan-Meier plot of transplant-free survival for weight categories from time of Pulmonary Hypertension
Association Registry enrollment over a 2-year follow-up period.
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of lower effective drug concentrations in
setting of larger volume distribution. More
information on dosing and treatment
response as well as assessment of
cardiorespiratory fitness are warranted. At
the current time, no causal relationship has
been described between obesity and survival,
and thus, these results should not be applied
in the management of individual patients.

There are several strengths to our
study. This is the largest prospective study
of the association between obesity and
comprehensive patient outcomes in
PAH. The PHAR cohort is likely highly
generalizable to the PAH population within
the United States, with recruitment from
centers throughout the country and a
greater proportion of nonwhite and male
patients, who are often underrepresented
in PAH studies. Finally, our study is also
one of the largest ever using the 10
questionnaire in PAH.

There are some limitations to our
study. Seven percent of the patients were
lost to follow-up. Because of ongoing
recruitment, ~4% of patients had only an
initial visit recorded at the time of analysis
and were not yet due for their follow-up
visit. Any differences between this group
and our overall cohort should not lead to
bias considering the noninformative nature
of the missingness. In addition, we adjusted
for follow-up time in all analyses to
incorporate the variable follow-up time. We
excluded underweight patients from our

analysis, limiting the generalizability to this
population. Comorbid conditions associated
with obesity, such as diabetes mellitus and
sleep disordered breathing, were not
available and may explain some of the
differences observed in HRQoL and
hospitalization between weight strata but
would not account for differences in
mortality. Lung transplant referral patterns
may differ among centers, and BMI may
impact transplant eligibility. Although

we ran sensitivity analysis for survival
excluding lung transplantation, we may not
have necessarily captured all the factors that
influence lung transplant referral. Finally,
because many of the proposed mechanisms
underlying the obesity paradox point to
metabolic dysfunction with BMI as a
surrogate measurement, it would have
been helpful to further characterize
obesity phenotypes using additional
anthropometric measurements or using
serum metabolomic profiles, which were not
available.

An overweight or obese body habitus is
associated with increased disease burden in
a large, multicenter, prospective PAH
cohort. Despite significantly worse
PH-specific HRQoL and a trend toward
higher rates of hospitalization in overweight
patients and patients with obese, these
patients had better survival compared with
normal-weight patients. Further deep
phenotyping of patients’ fat distribution and
cardiometabolic risk profiles is warranted to

understand the underlying mechanism for
these findings. Future interventions in PAH
should address the specific needs of
overweight patients and patients with
obesity and may include support groups
and targeted strategies for weight
management. [l
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