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Abstract

Rationale: Sex-based differences in pulmonary arterial
hypertension (PAH) are known, but the contribution to disease
measures is understudied.

Objectives: We examined whether sex was associated with
baseline 6-minute-walk distance (6MWD), hemodynamics, and
functional class.

Methods: We conducted a secondary analysis of participant-
level data from randomized clinical trials of investigational PAH
therapies conducted between 1998 and 2014 and provided by
the U.S. Food and Drug Administration. Outcomes were
modeled as a function of an interaction between sex and age or
sex and body mass index (BMI), respectively, with generalized
mixed modeling.

Results: We included a total of 6,633 participants from 18
randomized clinical trials. A total of 5,197 (78%) were female,
with a mean age of 49.1 years and a mean BMI of 27.0 kg/m>.
Among 1,436 males, the mean age was 49.7 years, and the mean
BMI was 26.4 kg/m”. The most common etiology of PAH was
idiopathic. Females had shorter 6MWD. For every 1 kg/m®

increase in BMI for females, 6MWD decreased 2.3 (1.6-3.0)
meters (P < 0.001), whereas 6MWD did not significantly change
with BMI in males (0.31 m [—0.30 to 0.92]; P=0.32). Females
had lower right atrial pressure (RAP) and mean pulmonary artery
pressure, and higher cardiac index than males (all P < 0.03). Age
significantly modified the sex by RAP and mean pulmonary
artery pressure relationships. For every 10-year increase in age,
RAP was lower in males (0.5 mm Hg [0.3-0.7]; P < 0.001), but
not in females (0.13 [—0.03 to 0.28]; P=0.10). There was a
significant decrease in pulmonary vascular resistance (PVR) with
increasing age regardless of sex (P < 0.001). For every 1 kg/m*
increase in BMI, there was a 3% decrease in PVR for males

(P <0.001), compared with a 2% decrease in PVR in females
(P<0.001).

Conclusions: Sexual dimorphism in subjects enrolled in clinical
trials extends to 6MWD and hemodynamics; these relationships
are modified by age and BMI. Sex, age, and body size should be
considered in the evaluation and interpretation of surrogate
outcomes in PAH.
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Most patients with pulmonary arterial
hypertension (PAH) are female, and women
with PAH have better survival compared
with men. Sex and sexual dimorphism in
pulmonary vascular disease have therefore
become a focus of clinical and experimental
studies in recent years. There are several
ongoing clinical trials to modulate sex
hormone signaling as a treatment strategy in
PAH (1-4) (NCT 03648385, NCT03229499,
and NCT03528902). However, we do not
fully understand if biological sex influences
the severity of pulmonary vascular disease.

Six-minute-walk distance (6MWD),
pulmonary hemodynamics, and functional
class are widely held clinical measures
incorporated into modern risk assessment
scores and are intermediate endpoints in
PAH trials (5-7). Sex-specific reference
equations derived from healthy adults exist
for 6MWD (8, 9), but whether sex directly
impacts 6MWD (and functional class
assessment) in PAH is not known (10-12).
We and others have demonstrated that
there are differential sex-specific responses
in 6MWD to PAH therapies in clinical
trials (12, 13) and that males with PAH
have worse hemodynamics than females at
baseline, especially at a younger age (<45
yr old) (14). Registry data have suggested
that older males have worse survival, and
U.S.-based risk calculators (Registry to
Evaluate Early and Long-term PAH
Disease Management [REVEAL] 1.0 and
2.0) include males greater than 60 years
old as a high-risk variable (6, 15-17). Age
and body size may confound the
relationships between sex and PAH
assessments because sex steroids vary with
life cycle events and adiposity (18-21).

We aimed to examine whether sex, as
reported on case report forms (CRFs), was
associated with baseline values of 6MWD,
hemodynamics, and functional class in
clinical trial participants with PAH and,
if present, whether these associations were
modified by age and body mass index (BMI)
using data from 18 randomized clinical trials
in PAH. Our research questions were not
a priori hypotheses of the original studies.
We hypothesized that, among clinical trial
participants with PAH, female sex would be
associated with more favorable baseline
indices (higher 6 MWD and cardiac index
[CI], lower right atrial pressure [RAP], mean
pulmonary artery pressure [PAP], pulmonary
vascular resistance [PVR], and functional
class) but that these differences would
attenuate with older age and increasing BMI.

Methods

Study Selection and Data
Harmonization

Patient-level data from 18 randomized
clinical trials (RCTs) of investigational PAH
therapies conducted between 1998 and 2013
were provided by the FDA (U.S. Food and
Drug Administration). Phase III trials of
currently approved PAH therapies were
included as well as the sitaxentan (STRIDE)
trials, which did not receive FDA approval.
Table E1 in the data supplement provides
trial-level characteristics. Of the 18 included
studies, 10 required assessment of
hemodynamics during screening or at
baseline for study enrollment, whereas the
remainder allowed historical hemodynamic
data for inclusion. All participants previously
provided informed consent, and all RCT's
were performed with institutional review
board approval at local sites.

The FDA provided raw datasets from
each study as SAS transport files with an
overall goal to improve clinical trial planning,
conduct, and efficiency in PAH. Analyses
were not prespecified with the FDA. We
converted the transport files to SAS datasets.
The FDA provided data dictionaries and
blank CRFs for most studies. We followed
the Study Data Tabulation Model (Version
1.4) for the harmonization process described
in Study Data Tabulation Model

Clinical trials with IPD
obtained from the FDA
(N=28)

Implementation Guide: Human Clinical
Trials, Version 3.2, adding nonstandard
variables when necessary. We assigned a
four-digit numeric StudyID to each study
and a six-digit numeric USUBJID to each
randomized participant. We assumed all
individuals were unique in the randomized
studies, except for the sitaxentan trials in
which subjects rolled over across Study of
Sitaxsentan Sodium Treatment in Patients
with Pulmonary Arterial Hypertension
(STRIDE) trials were tracked. The
randomization date was assigned as the
primary reference point. Participant-level
data, including demographics,
anthropometrics, G MWD, hemodynamics,
and functional class, were harmonized across
all studies. Although CRFs varied by trial in
querying about sex versus gender, all trials
coded sex as female or male in the data to the
FDA, and as such, we report sex here (22).
PAH subtype was characterized on the basis
of the 2018 World Symposium on Pulmonary
Hypertension consensus definitions (23).

We included only participants with Group 1
PAH (idiopathic PAH, heritable PAH, drug-
and toxin-induced PAH, PAH associated with
connective tissue disease [CTD], human
immunodeficiency virus infection, congenital
heart disease, and portal hypertension) and
excluded participants with chronic
thromboembolic pulmonary hypertension
(i.e., Chronic Thromboembolic Pulmonary

Studies excluded (N = 9)
Phase Il trials (N = 2)

Phase lll trials
(N=19)
Patients (n = 6,952)

Open label extension/Phase IV
studies (N =7)

Non-PAH patients excluded (n = 319)
CTEPH Patients

PAH patients
(n=6,633)

AIR (n = 57, 28%)
CHEST-1 (n = 262, 100%)

Study Sample (18 trials)

Six-minute walk distance: 6,627 patients (6 missing, <0.1%)
Invasive hemodynamics: 4,713 patients (1,920 missing, 29%)
WHO functional class: 6,626 patients (7 missing, 0.7%)

Figure 1. Study sample. AIR = aerosolized iloprost randomized; CHEST-1 = Chronic

Ventetuolo, Moutchia, Baird, et al.: Sex Differences in PAH

Thromboembolic Pulmonary Hypertension Soluble Guanylate Cyclase-Stimulator

Trial 1; CTEPH = chronic thromboembolic pulmonary hypertension; FDA = U.S. Food and Drug
Administration; IPD =individual participant data; PAH = pulmonary arterial hypertension;

WHO = World Health Organization.
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Hypertension Soluble Guanylate Cyclase-
Stimulator Trial 1 [CHEST-1] trial and 57 of
203 [28%] participants with chronic
thromboembolic pulmonary hypertension
enrolled in the Aerosolized Iloprost
Randomized [AIR] trial) (Figure 1). The
harmonization and data analysis was deemed
exempt from review by the University of
Pennsylvania Institutional Review Board.
Baseline characteristics by treatment group
assignment were reproduced and compared
against published results to confirm the
accuracy of the harmonization process.

Statistical Analysis
All modeling was accomplished using SAS
Software 9.4 (SAS Inc.) with the GLIMMIX

Table 1. Subject characteristics by sex

procedure. Outcomes (6MWD, individual
hemodynamic indices, and functional class)
were modeled as a function of an interaction
between sex and age or sex and BMI,
respectively. In a one-stage participant-level
analysis, data were modeled using
generalized linear mixed modeling with a
random intercept and slope with sandwich
estimation, in which observations were
nested by the study, given that only
preintervention baseline data and
interactions were examined (24). Outcomes
including 6 MWD, RAP, mean PAP, cardiac
output (CO), and pulmonary capillary wedge
pressure (PCWP) were modeled with a
normal distribution; PVR and CI were
modeled with a lognormal (In) distribution

and functional class a binomial distribution.
Pulmonary artery (PA) compliance (CO /
heart rate) / (systolic PAP — diastolic PAP)
was calculated when available (systolic and
diastolic PAPs were reported in seven trials;
n=2,511) and included as an exploratory
endpoint. Sensitivity analyses were
conducted to investigate whether there was
evidence of effect modification by PAH
diagnosis (idiopathic vs. CTD) in models
including two- (sex X PAH diagnosis) and
three-way (sex X age X PAH diagnosis;

sex X BMI X PAH diagnosis) interactions
as well as background PAH therapy

(sex X background therapy, with two- and
three-way interactions) for the main
outcomes of interest. Modeling results with

Variable

Age, yr
Race, n (%)
White
Black
Asian
Multiple/other
Unknown
Ethnicity, n (%)
Hispanic or Latino
Not Hispanic or Latino
Unknown
Body mass index, kg/m? (n=5,781)
Etiology, n (%)
Idiopathic
Heritable
Drug and/or toxin
Connective tissue disease
Congenital heart disease
HIV infection
Portopulmonary hypertension
Other
Hypertension, n (%)
Diabetes, n (%)
Asthma, n (%)
Background PAH therapy, n (%)
Hemodynamics
Right atrial pressure, mm Hg (n=4,382)
Mean PAP, mm Hg (n=4,713)
PCWP, mm Hg (n=4,524)
Cardiac output, L/min (n 3,302)
Cardiac index, L/min/m? (n = 3,845)
PVR, dynes/sec/cm’5 (n=4,573)
PA compliance, ml/mm Hg (n=2,511)

Baseline 6-min-walk distance, meters (n=6,627)

WHO functional class, n (%)
I
I
1
v
Assigned to treatment arm in the trial, n (%)

Total Female Male
n=6,633 n=5,197 n=1,436
492 +154 491 £15.2 49.7 =161
4,571 (68.9) 3,514 (67.6) 1,057 (73.6)
266 (4.0) 227 (4.4) 39 (2.7)
956 (14.4) 744 (14.3) 212 (14.8)
109 (1.6) 3 (1.8) 16 (1.1)
731 (11.0) 619 (11.9) 112 (7.8)
693 (10.5) 600 (11.6) 93 (6.5)
5,702 (86.0) 4,404 (84.7) 1,298 (90.4)
238 (3.6) 193 (3.7) 45 (3.1)
26.9+6.4 27.0+6.6 26.4 +5.3
3,986 (60.2) 2,937 (56.6) 1,049 (73.1)
70 (1.1) 52 (1.0) 18 (1.25)
120 (1.8) 103 (2.0) 17 (1.2)
1,847 (27.9) 1,640 (31.6) 207 (14.4)
519 (7.8) 407 (7.8) 112 (7.8)
65 (1.0) 36 (0.7) 29 (2.0)
13 (0.2) 10 (0.2) 3(0.2)
6 (0.1) 5 (0.1) 1 (0.1)
2,097 (31.6) 1,628 (31.3) 469 (32.7)
353 (5.3) 258 (5.0) 95 (6.6)
420 (6.3) 366 (7.0) 54 (3.8)
2,491 (37.6) 1,971 (37.9) 520 (36.2)
8 (5-11) 8 (5-11) 8 (5-12)
51 (42-61) 51 (41-61) 52 (43-63)
9 (7-12) 9 (7-12) 9 (7-12)
4.1 (3.2-5.0) 4.0 (3.2-4.9) 4.2 (3.4-5.1)
2.3 (1.9-2.8) 2.3(1.9-29 2.2 (1.9-2.7)
818 (545-1,167) 823 (544-1,184 785 (552—1,103)
1.1 (0.7-1.6) 1.0 (0.7-1.5) 1.1 (0.8-1.6)
347 += 84 344 + 83 358 + 86
49 (0.7) 33 (0.6) 16 (1.1)
2,228 (33.6) 1,743 (33.6) 485 (33.8)
4,140 (62.5) 3,261 (62.8) 879 (61.2)
209 (3.2) 156 (3.0) 53 (3.7)
3,978 (60.0) 3,115 (59.9) 863 (60.0)

Definition of abbreviations: HIV = human immunodeficiency virus; PA = pulmonary artery; PAH = pulmonary arterial hypertension; PAP = pulmonary

artery pressure; PCWP = pulmonary capillary wedge pressure; PVR = pulmonary vascular resistance; WHO = World Health Organization.
Data not defined as n (%) are displayed as mean = standard deviation or median (interquartile range).

60

AnnalsATS Volume 20 Number 1 | January 2023



ORIGINAL RESEARCH

BMI were confirmed with both imputed data
for missing BMI (n = 852 of 6,633, using
hierarchical multiple imputation) and weight
alone. o was established a priori at 0.05, and
all estimates were calculated for 95%
confidence.

Results

We included a total of 6,633 participants from
18 RCT's (Figure 1). A total of 5,197 (78%)
were female, with a mean age of 49.1 years
and a mean BMI of 27.0 kg/m2 (Table 1).
Among 1,436 males, the mean age was 49.7
years, and the mean BMI was 26.4 kg/m®. The
most common etiology of PAH was
idiopathic; however, females were less likely to
have idiopathic PAH and more likely to have
CTD-PAH than males. The prevalence of
diabetes and hypertension was similar across
females and males. Table 1 includes the
average values of 6MWD, hemodynamics,
and functional class proportions for females
and males, respectively. A total of 2,491 (1,971
[38%] females and 520 [36%)] males)
participants were on background PAH
therapy at enrollment.

Six-Minute-Walk Distance Varies

by Sex, and BMI Modifies this
Relationship

Females had shorter 6 MWD than males
regardless of age (P=0.02). As age increased,

walk distance decreased in both females and
males (P for interaction = 0.52) (Figure 2A).
For every year increase in age, walk distance
decreased by 1.5 (1.3-1.7) meters in females
and 1.6 [1.2-1.9] meters in males (both
P<0.001).

The relationship between BMI and
6MWD was different for females and males
(P for interaction < 0.001) (Figure 2B).

For every 1 kg/m2 increase in BMI for
females, walk distance decreased by 2.3
(1.6-3.0) meters (P < 0.001), whereas walk
distance did not significantly change with
BMI in males (0.31 m [—0.30 to 0.92];
P=0.32). This was confirmed with both
imputed BMI and using weight alone (data
not shown).

Females Have Less Hemodynamic
Impairment Than Males, and Age and
BMI Modifies These Relationships
RAP

Opverall, females had lower RAP than males
(P<<0.001) (Figure 3A). Age significantly
modified this relationship (P for

interaction < 0.01). For every 10-year
increase in age, RAP was slightly lower in
males (0.5 [0.3-0.7] mm Hg; P < 0.001),

but not in females (0.13, [—0.03 to 0.28];
P=0.10). For both females and males,
higher BMI was associated with higher RAP,
and there was no evidence of effect
modification by sex (P for interaction = 0.47)
(Figure 4B).

Mean PAP

Females had lower mean PAP as compared
with males (P < 0.001) (Figure 3B). The
relationship between age and mean PAP
differed by sex (P for interaction < 0.001), in
which males had a steeper decline in mean
PAP with increasing age as compared to
females. For every 10-year increase in age for
males, mean PAP decreased by 4.5 (3.9-5.0)
mm Hg (P < 0.001) versus a decrease of 3.6
(3.1-4.1) mm Hg in females (P < 0.001). As
with RAP, there was no evidence of a
relationship between BMI and mean PAP by
sex (P=0.09) (Figure 4B).

CO and CI

Males had higher CO as compared with
females (4.4 [4.2-4.5] vs. 4.1 [4.0-4.3];

P <0.001). There were no significant
differences observed between age and CO by
sex (P for interaction = 0.73). As expected
(25), as BMI increased, CO increased

(P < 0.001), but these relationships did not
differ by sex (P for interaction = 0.48). For
every 10 kg/m” increase in BMI, CO
increased 0.1 (0.0-0.1) L/min in females
and males.

Females had higher CI than males
(P=0.03) (Figure 3C). This difference
attenuated with older age (on the In scale)
but did not reach statistical significance
(P for interaction = 0.07). There was no effect
modification observed for BMI and CI by sex
(P for interaction = 0.75) (Figure 4C).
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Figure 2. Associations between six-minute-walk distance and (A) age and (B) BMI stratified by sex. Red = females; blue = males. The solid line
is the effect estimate; lighter bands are the 95% confidence band. BMI = body mass index.
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Figure 3. Associations between age and (A) RAP, (B) mean PAP, (C) cardiac index (y-axis values are back-transformed but remain in In scale),
(D) PVR (y-axis values are back-transformed but remain in In scale), and (E) PCWP, stratified by sex. Red =females; blue = males. The solid line
is the effect estimate; lighter bands are the 95% confidence band. PAP = pulmonary artery pressure; PCWP = pulmonary capillary wedge

pressure; PVR = pulmonary vascular resistance; RAP =right atrial pressure.

PVR

Overall, PVR did not significantly vary by
sex. As seen in Figure 3D, the relationship
between age and PVR (on the In scale) was
not significantly different for females and
males (P for interaction = 0.35), but there
was a significant overall decrease in PVR
with increasing age (P < 0.001). The
relationship between BMI and PVR was
different for females and males (P for
interaction = 0.02) (Figure 4D). For every 1
kg/m” increase in BMI, there was a 3%
decrease in PVR for males (P < 0.001),
compared with a 2% decrease in PVR in
females (P < 0.001).

PCWP

The relationship between age and PCWP
was significantly different for females
and males (P for interaction < 0.01)
(Figure 3E). Whereas there was no

62

relationship observed between age and
PCWP in males, increasing age was
strongly associated with increasing PCWP
in females (P < 0.001). Increasing BMI
was associated with increasing PCWP
(P<0.001), but this did not vary by sex
(P for interaction =0.77) (Figure 4E).

Please see the data supplement for a
discussion of results for PA compliance and
functional class.

Effect Modification by Idiopathic
versus CTD-associated PAH and
Background PAH Therapy

Because patients with CTD-associated PAH
tend to be older, have more comorbid illness
and different hemodynamic profiles than
patients with idiopathic PAH (26, 27), we
conducted an additional sensitivity analysis
to determine whether PAH diagnosis may
have impacted our results, particularly with

respect to age and BMI. There was no
evidence of interaction by idiopathic
versus CTD-associated PAH diagnosis in
any of the models with sex, age, and BMI
(all Pvalues for two- and three-way
interactions = 0.08-0.98; data not shown).
Finally, we assessed whether there was
evidence of interaction between sex and any
background PAH therapy. Females had
stronger evidence of effect modification by
background treatment than males with
respect to 6MWD. At baseline, females on
background therapy had higher 6 MWD (by
roughly 20 m) than treatment-naive females,
a difference that was not noted in males
(P for interaction, sex X background
therapy < 0.0001). For all hemodynamics
(except PVR) and functional class, there was
no evidence of effect modification by
background PAH therapy (all P values for
two- and three-way interactions = 0.07-0.99;

AnnalsATS Volume 20 Number 1 | January 2023
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Figure 4. Associations between BMI and (A) RAP, (B) mean PAP, (C) cardiac index (y-axis values are back-transformed but remain in In scale),
(D) PVR (y-axis values are back-transformed but remain in In scale), and (E) PCWP. Red =females; blue = males. The solid line is the effect
estimate; lighter bands are the 95% confidence band. BMI =body mass index; PAP = pulmonary artery pressure; PCWP = pulmonary capillary
wedge pressure; PVR = pulmonary vascular resistance; RAP =right atrial pressure.

data not shown). Males on background
therapy had about 0.1 Wood unit higher
PVR than untreated males, whereas PVR in
females did not differ by background therapy
(P for interaction, sex X background

therapy =0.03).

Discussion

We have demonstrated, in a large secondary
analysis of well-characterized clinical trial
subjects, sex-based differences in PAH
disease metrics at enrollment. These
relationships were modified by age and BMI.
Although female trial participants tended to
have more favorable hemodynamics than
male participants, the interactions among
sex, age, and body size were complex and
variable for other endpoints, including
6MWD and functional class. Although some

of the observed effect sizes were small, cross-
sectional differences at baseline may accrue
to large differences over the lifespan and
with changes in the body size of a patient
with PAH. Very small differences in
short-term hemodynamics with active
treatment in clinical trials translate to
reduced odds of important clinical events,
including death (28).

In our prior study, which included 11
randomized trials and 1,700 subjects with
idiopathic and CTD-associated PAH, we
demonstrated that males had worse
hemodynamics than females, especially at a
younger age, but the effect estimates were
generally larger (14). The current study
includes additional trials, a substantially
larger sample size, and a more heterogeneous
group of PAH subtypes, which may have
decreased the magnitude of the associations
observed. As previously demonstrated, males

Ventetuolo, Moutchia, Baird, et al.: Sex Differences in PAH

had lesser hemodynamic derangements
(lower RAP and mean PAP and higher CI)
with increasing age, which was not seen in
females except for PA compliance. The scope
of inference for this study extends only to
clinical trial participants, but a similar
observation has been made in experimental
models of pulmonary hypertension, as male
and younger animals have a more severe
pulmonary hypertensive phenotype (29-31).
We have previously demonstrated sex-based
differences in hemodynamics outside of
clinical trials among armed service veterans
with (largely non-World Health
Organization Group 1) pulmonary
hypertension (32), which adds external
validity to our observations. In both females
and males, PVR decreased with age, which
has also been reported in observational
studies and PAH registries (33-35). This may
be because of detrimental effects of sex
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hormones in earlier life (e.g., estrogen),
survival, or a type of volunteer- or self-
selection bias, in which older or more
overweight individuals with PAH feel worse
despite lower disease burden, making them
more inclined to enroll in trials. The more
modest associations seen here may be
because of spectrum bias, the exclusion of
patients with more extreme severity of illness
(both healthy and sick) on the basis of trial
eligibility, such as young males with severe
disease or long-term female survivors.
Although 28% of participants had CTD-
associated PAH, findings were similar
between participants with idiopathic PAH
and CTD-associated PAH in sensitivity
analyses. Although background therapy may
have sex-specific interactions with some
disease metrics (specifically 6MWD and
PVR), it is not clear that these differences
would be clinically meaningful. Further,
potentially eligible subjects were on stable
background therapy before enrollment, and
nesting by study would account for temporal
changes in treatment regimens across trials.
Whether our observations about
hemodynamics and other disease metrics
would hold in more “real world” PAH
registries remains to be seen.

Sexual dimorphism in PAH may be
explained by differential right ventricular
(RV) adaptation to pulmonary afterload. RV
function is a critical determinant of outcome
in PAH, and women with variable types of
pulmonary vascular disease are known to
have better RV function than men with
pulmonary hypertension (36-40). Although
the trials included here did not include RV
imaging on the full study samples, female
trial participants had lower RAP and higher
CI than male participants, which indirectly
supports this concept. In a subset of
participants in which PA compliance could
be calculated, older females had significantly
higher PA compliance than younger females
but overall lower PA compliance than males.
These findings are somewhat discordant with
a recent report by Tello and colleagues that
demonstrated better PA-RV coupling using
more robust measures in females with PAH
irrespective of age (40). We and others have
reported sex-based differences in
hemodynamic measures and RV function
and morphology (14, 36) previously, but the
inclusion of 6 MWD and functional class
here is novel. Although 6MWD has been the
basis for most drug approvals in PAH and
6MWD and functional class are integral to
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risk assessment and therapeutic escalation
(5,7, 15, 41), to our knowledge, no studies
have examined how key demographic and
anthropometric features influence these
outcomes in PAH. To this point, age, sex,
and BMI were among the components that
contributed to unique PAH phenotypes with
varied treatment responses and survival in a
recent cluster analysis from the Comparative,
Prospective Registry of Newly Initiated
Therapies for Pulmonary Hypertension
(COMPERA) registry (17).

Females had significantly shorter
6MWD than males, and higher BMI was
associated with shorter SMWD. This may be
because of differences in stride length
influenced by height, unaccounted-for
comorbidities including deconditioning or
differences in systemic musculature, or
occult heart failure with preserved ejection
fraction. Males had sharper decreases in
PVR and increases in PA compliance
with increasing BMI. Although this is
beyond the scope of the primary data
collected in PAH trials, higher degrees of
insulin resistance in females could explain
our findings, as insulin resistance has been
associated with more severe PAH,
particularly in females (42, 43). The
prevalence of diabetes mellitus was similar
across males and females in the clinical trials
we included, however.

If sex, age, and BMI influence major
endpoints in PAH trials, failure to recognize
these relationships from the outset may lead
to erroneous conclusions or apparent
treatment heterogeneity in terms of
therapeutic efficacy. This would also apply to
subgroup analyses of trials that examine
treatment effects by sex, age, and BMI in
isolation, without considering their
interactions. The purpose of our study was to
examine the degree to which there are sex-,
age-, and BMI-based interactions at baseline
in clinical trials and not treatment-based
interactions. We conducted a one-stage
analysis with primary, patient-level data, for
this reason, the preferable way to minimize
the risk of ecological fallacy (24). The pooling
of results at the study level could be subject
to the same ecological fallacy, known as
Simpson’s paradox (44).

Effect estimates for currently approved
PAH therapies may be larger or smaller than
originally reported. Knowledge of how
baseline demographic and anthropometric
characteristics impact potential endpoints is
important for planning efficient trials. In

clinical trials in a rare disease like PAH,
treatment allocation may vary by sex or age
(because of random imbalance at baseline in
trials of relatively small sample size, and
especially given the sex bias that exists in
PAH) and could translate into bias in key
primary and secondary endpoints like
6MWD. As we move toward more precision-
based approaches in PAH (45), these key
characteristics and their interrelationships
should be considered and may inform
adaptive trial design in the future. A stratified
randomization trial (e.g., permuted block,
urn, or urn block) would balance the main
analysis (placebo vs. active treatment) by
demographic features that affect 6MWD (the
primary endpoint and the basis for drug
approval for most PAH therapies), thus
optimizing the detection of any difference

by treatment that exists. In addition, this
design would allow for interaction effects
(moderators such as sex, age, and BMI) using
balanced subgroup analysis. Thus, our results
suggest the very real need for this type of
random allocation design to be implemented
in RCTs in PAH.

Limitations

Although this analysis used the largest study
of individual data from PAH clinical trials to
our knowledge, there were limitations. Our
conclusions only extend to PAH subjects
who would have been eligible for enrollment
in these clinical trials. We are unable to make
inferences about patients who would have
been excluded (e.g., patients with 6MWDs
above or below threshold values and
functional class IV patients) and have almost
no data on screen failures. Most participants
(67% of females and 74% of males) were
white, and we were underpowered to
examine ethnicity-based interactions. Future
studies should enrich underrepresented
individuals and should expand beyond
biological sex to study gender and
intersectionality in persons living with PAH.
This is a likely biased sample, only comprised
of patients in clinical trials submitted to the
FDA for drug approval. All the trials
included were efficacy (not effectiveness)
trials, and as such, it is impossible to quantify
the possible effect this selection bias had on
the results. As our sample contains nearly all
phase III trials conducted in PAH, there is
less of a risk of publication bias (i.e., P values
are not dictating what is reported); however,
studies of ineffective drugs would not be
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submitted to the FDA, and, therefore would
not be included.

Some of the observed associations
with hemodynamics were inconsistent
(e.g., sex-based differences in mean PAP and
CI but not PVR). Measurement error, which
is inflated with calculated values like PVR and
PA compliance, may have biased toward the
null. Although our analyses were conducted

should be routinely indexed to body surface
area is controversial, but our data suggest
consideration of body size is important (46).
We have included baseline observations only.
Comparative effectiveness studies considering
sex, age and body size, and the response to
PAH treatment(s) are beyond the scope of
the current study and will be the focus of
future studies. As there is emerging evidence

Conclusions

There are sex-based differences in common
disease surrogates in PAH, including
6MWD, functional class, and
hemodynamics among clinical trial
participants. These relationships are
modified by age and BMI. Sex, age,

and body size should be considered in the
evaluation and interpretation of surrogates

at the level of the individual participant, it
would have to be the case that most female
participants had the same pattern of higher
CI, lower mean PAP, and lower PVR (and
the inverse pattern for nearly all males) for
example, which is unlikely. Whether
hemodynamic measures (CO and PVR)

interactions in mind.

that the response to PAH treatments may
vary by sex (12, 13, 17, 36), varied
background treatments may have contributed
to our findings. Treatment-induced changes
in these endpoints should be investigated
with sex-, age-, and anthropomorphic-based

and therapeutic efficacy in PAH. W
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