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Abstract

BACKGROUND: Sex-based differences are important in the development and progression of
pulmonary arterial hypertension. However, it is not established whether these differences are
generalizable to all forms of pulmonary hypertension (PH).

RESEARCH QUESTION: What are the sex-based differences in right ventricle (RV) function
and transplant-free survival in patients with PH from the Redefining Pulmonary Hypertension
Through Pulmonary Vascular Disease Phenomics (PVDOMICS) cohort?

STUDY DESIGN AND METHODS: Patients with PH enrolled in the PYDOMICS cohort
study underwent right heart catheterization, cardiac MRI, and echocardiography. A multivariable
linear regression model was used to investigate the interactive effect between sex and pulmonary
vascular resistance (PVR) on RV ejection fraction (RVEF). Effects of sex, RVEF, and PVR on
transplant-free survival were assessed using a Cox proportional hazards model.

RESULTS: Seven hundred fifty patients with PH (62.8% female) were enrolled, including 397
patients with groups 2 through 5 PH. Patients with group 1 PH were predominantly female
(73.4%). Male patients showed multiple markers of worse RV function with significantly lower
RVEF (adjusted difference, 5.5%; 95% CI, 3.2%-7.8%; £ < .001) on cardiac MRI and lower

RV fractional shortening (adjusted difference, 4.0%; 95% Cl, 2.3%-5.8%; P < .001) and worse
RV free-wall longitudinal strain (adjusted difference, 2.4%; 95% ClI, 1.2%-3.6%; P< .001) on
echocardiography. Significant interaction was noted between PVR and sex on RVEF, with the
largest sex-based differences in RVEF noted at mild to moderate PVR elevation. Male sex was
associated with decreased transplant-free survival (adjusted hazard ratio, 1.46; 95% CI, 1.07-1.98;
P=.02), partially mediated by differences in RVEF (P=.003).

INTERPRETATION: In patients with PH in the PVDOMICS study, female sex was more
common, whereas male sex was associated with worse RV function and decreased transplant-free
survival, most notably at mild to moderate elevation of PVR.

Keywords
pulmonary hypertension; right ventricle; sex differences

Pulmonary hypertension (PH) is a disease characterized by increased pressure in the
pulmonary circulation, which leads to right ventricle (RV) strain and failure, resulting in
significant morbidity and mortality for those affected. Sex-based differences are important
in the development and progression of pulmonary arterial hypertension (PAH), a rare and
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incurable form of PH.1-3 However, little is known about sex-based differences in other more
common forms of PH and whether sex influences RV response to load stress in PH broadly.

Modern registries consistently have shown a female predominance of World Symposium on
Pulmonary Hypertension (WSPH) group 1 PAH, with female individuals making up 70% to
80% of cases.3-> However, less is known about the impact of sex in WSPH groups 2 through
5 PH, and female sex has not been shown previously to be a risk factor for other forms

of PH.L In what has been termed the estrogen paradox,! despite women having increased
risk of PAH developing, men with PAH have worse outcomes compared with women.2:6:7
However, the mechanism by which female sex is both a powerful risk factor for PAH

and a protective factor after the disease is present has not been established fully, and it is
unknown whether these sex-based differences extend to other forms of PH. One hypothesis
is that differences in outcomes are at least partially the result of sex-based differences in RV
response to load stress.82 In healthy individuals, female sex is associated with higher RV
ejection fraction (RVEF), lower RV mass, and smaller RV volumes.1911 Similarly, male sex
is associated with worse RV function in PAH,12.13 as well as in small studies of patients
with heart failure with preserved ejection fraction (EF)4 and PH associated with chronic
lung disease.1> However, sex differences in RV function across the spectrum of pulmonary
vascular disease (PVD) and the impact of sex and gender on RV adaptation to varying
degrees of afterload have not been described previously.

The Redefining Pulmonary Hypertension Through Pulmonary Vascular Disease Phenomics
(PVDOMICS) study is a precision medicine initiative to characterize PVD intensively using
deep clinical phenotyping and comprehensive so-called -omics analysis in a cohort of
patients with PH, disease comparators, and healthy control participants.1® The PVDOMICS
study provides a unique opportunity to study sex-based differences in disease cause,
characteristics, and outcomes across the spectrum of PVD. Using the PVDOMICS cohort,
we sought to understand differences in clinical characteristics between men and women

in all forms of PH. We further sought to test the hypothesis that male sex is associated

with worse RV function across the spectrum of PVD and that sex-based differences in RV
function contribute to differences in survival between male and female patients.

Study Design and Methods

Patients were enrolled at seven PVD centers across the United States in a prospective,
longitudinal cohort study (ClinicalTrials.gov Identifier: NCT02980887). Phenotyping
protocol was approved by local institutional review boards, and patients were enrolled

after informed consent. Detailed enrollment, inclusion, and exclusion criteria were described
previously.16:17 We include clinical data available as of May 19, 2021, and survival data as
of November 22, 2021. In this article, according to the definitions published by the Institute
of Medicine, we use the term sex when biologic concepts are described and the term gender
when cultural or behavioral influences are thought to play a role.118:19

Phenotyping Protocol

Details of the protocol have been published previously.16:17:20.21 Briefly, patients aged > 18
years with known or suspected PVD were recruited from the enrolling centers. Demographic
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features including sex were self-reported by patients at enroliment. For female participants,
menstrual status and last menstrual cycle also were self-reported, with menopause defined as
> 12 months since last menses. Phrasing used in enrollment forms is available in e-Appendix
1. Patients underwent clinical phenotyping, including the 6-min walk test, pulmonary
function testing, transthoracic echocardiography (TTE), and cardiac MRI within 6 weeks

of enrollment. Enrollees with known or suspected PVVD underwent protocolized right heart
catheterization (RHC).20 Cores at the data coordinating center performed central reading

of diagnostic studies. Vital status and heart and lung transplantation status were assessed
annually after enrollment.

PVD and RV Function Assessment

Participants were classified according to 2013 WSPH guidelines.?2 Hemodynamic
definitions used in the cohort were published previously and are presented in e-Table
1.16.17.20 patients were classified by primary cause of PH at the discretion of the site
principal investigator with review by an expert adjudication committee for all patients with a
mixed cause of PVD.17:20

For this article, we studied the influence of sex on measures of RV function assessed by
TTE,?! cardiac MRI, and RHC in patients with PH.16 RVEF on cardiac MRI was used as
the primary measure of RV function, given its prognostic usefulness in PAH23 and its status
as the reference standard for measurement of RV function.24 Cardiac MRI was carried out
according to a dedicated protocol developed by the PVDOMICS Imaging Group, which
was described previously.18 Images were interpreted by a central core masked to participant
phenotype.

Statistical Analysis

Between-group comparisons were performed using the Wilcoxon rank-sum test for
continuous variables and the Pearson XZ test or Fisher exact test (if expected counts of
fewer than 10) for categorical variables. Multivariable regression was performed to assess
the effect of sex on cardiac and hemodynamic variables of interest adjusting for age, BMI,
World Health Organization functional class, WSPH group, time since PH diagnosis, exercise
frequency and duration, smoking status, and presence of comorbidities including coronary
artery disease, diabetes mellitus, chronic kidney disease, and atrial arrhythmias. To assess
the effect of sex on the relationship between pulmonary vascular resistance (PVR) and
RVEF, a multivariable linear regression model was fitted for RVEF on PVR and sex as

well as the interaction between PVR and sex. The covariates described previously also were
included. In all the models, smooth relationships between continuous independent variables
and response variables were assumed using restricted cubic splines.

Time from enrollment date to lung or heart transplantation, or both, or death is summarized
by Kaplan-Meier survival curves, and differences in the transplant-free survival by group
were tested using the log-rank test. We also considered lung or heart transplantation, or
both, as a competing event for death and estimated cumulative incidences of death for both
groups. A multivariable Cox proportional hazards model was fitted for sex, age, PVR, time
since PH diagnosis, and WSPH group to determine adjusted effects of sex on transplant-free
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survival. Interactions between sex and PVR and between sex and age were included in the
described model in secondary analyses. The effect of sex on survival mediated by RVEF was
estimated in terms of total natural indirect effect using a regression-based causal mediation
analysis method.2>

All analyses were performed using R version 4.1.0 software (R Foundation for Statistical
Computing).28 A detailed statistical analysis plan is available in e-Appendix 1. Pvalues

for sex-based differences in cardiac parameters were adjusted for multiple comparisons by
controlling the false discovery rate (FDR) at 0.05.27 Pvalues for other comparisons were not
adjusted for multiple comparisons, given the exploratory nature of those analyses.

Sex Differences in PH Cause

Seven hundred fifty patients with PH were enrolled and included in this analysis. Overall, a
female predominance (62.8% female) was found (Table 1). Patients (n = 353) with group 1
disease were most predominantly female at 73.4%. Additionally, patients with WSPH group
2 (n =136 [57.4% female]) and group 4 (n = 57 [61.4%)]) disease also showed a female
predominance, whereas patients with group 3 disease were nearly balanced by sex (n =

172 [51.2% female]). Group 5 (n = 32) was 65.6% male (P < .001 for consistency of sex
proportions among WSPH groups). Female patients in WSPH groups 2 and 3 were nearly
all postmenopausal at 96.2% and 92.0%, respectively, whereas group 1 showed a larger
percentage of premenopausal participants at 35.1%.

The subtype of PH also varied significantly by sex (Table 2). Among patients with WSPH
group 1 disease, a significantly higher proportion of female participants demonstrated PAH
associated with connective tissue disease than male participants (29.3% vs 18.1%; P =.03).
Among patients with WSPH group 2 disease, men were significantly more likely to have
systolic heart failure (32.8% vs 9.0%; P < .001), whereas female participants were more
likely to have diastolic heart failure (84.6% vs 58.6%; £ < .001). Among patients with
WSPH group 3 disease, female participants were more likely to demonstrate other interstitial
lung disease, most commonly associated with connective tissue disease (47.7% vs 21.4%; P
<.001).

Patient Characteristics

Clinical characteristics for male and female participants with PH are shown in Table 3. No
difference was found in the proportion of incident PH by sex, with most patients (72.0% of
males and 74.4% of females) having prevalent PH at the time of enroliment. At enrollment,
male participants with PH were older (mean + SD age, 60.7 + 14.5 years vs 57.1 14.7
years; £P=.001), but demonstrated a shorter duration of PH in prevalent cases (2.2 years
[interquartile range (IQR), 0.8-5.5 years] vs 3.5 years [IQR, 1.1-8.2 years]; P=.02). No
significant differences were found in age between sexes when patients were divided by
WSPH group (Table 1). A lower percentage of male participants were receiving PH-specific
therapy at enrollment (49.3% vs 61.3%; P =.001), although differences may be related to

a lower proportion of male participants with WSPH group 1 PAH and a higher proportion
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of incident PH within WSPH group 1 specifically. Regarding bedside markers of disease
severity, no significant differences were found in World Health Organization functional class
or 6-min walk distance by sex. Male participants were significantly more likely to have a
history of coronary artery disease (18.0% vs 4.1%; £ < .001) and systemic hypertension
(48.2% vs 40.7%; P=.045) and to have currently or formerly smoked (60.1% vs 43.3%; P
<.001). On pulmonary function tests, male participants showed significantly lower diffusing
capacity of the lungs for carbon monoxide (45.7 + 20.8% predicted vs 55.6 + 21.6%
predicted; P< .001). Level of N-terminal fragment of the prohormone brain-type natriuretic
peptide also was significantly higher in male participants (464 pg/mL [IQR, 119-1,441
pg/mL] vs 280 pg/mL [IQR, 102-1,231 pg/mL]; P=.04).

Of the 750 patients with PH, 449 patients (63.7% female) underwent evaluation of RVEF
with cardiac MRI. Characteristics of patients with measures for RVEF on cardiac MRI vs
those without RVEF are presented in e-Table 2. No significant differences were found in
rates of cardiac MRI by sex. Compared with those who underwent cardiac MRI, those
without cardiac MRI were more likely to have comorbidities, including coronary artery
disease, chronic kidney disease, and diabetes mellitus, and had evidence of lower FEV{
and FVC and higher N-terminal fragment of the prohormone brain-type natriuretic peptide
levels.

Sex-Based Differences in Cardiovascular Function

Adjusted and unadjusted sex-based differences on cardiac MRI, TTE, and RHC are
presented in Table 4. Male patients with PH showed multiple markers of worse RV function,
with significantly lower RVEF on cardiac MRI (37.3 £ 10.8% vs 41.6 + 12.3%; adjusted
difference, 5.5%; 95% ClI, 3.2%—7.8%; P < .001, FDR adjusted) and lower RV fractional
shortening by 4.0% (95% ClI, 2.3%-5.8%; P < .001, FDR adjusted) and worse RV free-
wall longitudinal strain by 2.4% (95% ClI, 1.2%-3.6%; P < .001, FDR adjusted) on TTE.
Tricuspid annular plane systolic excursion also was lower numerically in male participants
(adjusted difference, —0.08 cm; 95% CI, —0.16 to 0.005 cm; P=.12, FDR adjusted),
although not significantly. Left ventricle ejection fraction was significantly lower in male
participants as measured by both cardiac MRI and TTE (P < .001, FDR adjusted for both).
Structural right heart differences also were observed. RV end diastolic volume index and
RV mass index on cardiac MRI and right atrial volume index on TTE all were significantly
larger in male participants (P< .001, FDR adjusted for all).

Sex-based differences in RVEF were consistent across WSPH groups 1 through 5 and
remained statistically significant in WSPH groups 1 and 3 (e-Table 3). Among all patients
with PH, no significant interaction was noted between sex and age on RVEF, with male sex
associated with lower RVEF across the age range of patients. When left ventricle ejection
fraction was included in the model, RVEF remained significantly lower in men by 3.1%
(95% Cl, 1.0%-5.3%; P=.004).

On RHC, mean right atrial pressure was significantly higher in male participants by 1.4
mm Hg (95% CI, 0.6-2.2 mm Hg; £=.001, FDR adjusted). Despite evidence of worse

RV function, no evidence was found of worsened RV afterload or disproportionate PVD
in male participants; PVR, pulmonary artery (PA) compliance, and pulmonary capillary
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wedge pressure were similar in male and female participants. Unadjusted mean PA pressures
were similar, but men showed higher adjusted mean pulmonary arterial pressure by 2.7

mm Hg (95% CI, 0.6-4.8 mm Hg; £= .02, FDR adjusted). Among female participants, no
significant differences were found by menopause status in cardiac parameters on cardiac
MRI, TTE, or RHC by multivariable regression (e-Table 4).

of PVR and RVEF

To investigate sex-based differences in RV response to afterload, the relationship between
PVR and RVEF was assessed in male participants (n = 156) and female participants (n

= 279) with PH who had nonmissing values for each (median time between RHC and
cardiac MR, 4 days [IQR, 19-1 days]). In both male and female participants, RVEF was
correlated inversely with PVR (fnale = —0.45; female = —0.52) (Fig 1A). Multivariable
linear regression demonstrated that RVEF was associated with both PVR and sex, with a
significant interaction between PVR and sex on RVEF, the largest sex-based differences

in RVEF noted at mild to moderate PVR elevation, and no significant differences seen at
more severe elevations (> 10 Wood unit [WU]) (Fig 1B). Estimated sex-based differences in
RVEF at different levels of PVR by multivariable regression are shown in Table 5.

Impact of Sex on Survival

We next sought to understand if differences in RV function translated into clinically
important differences in survival. Patients were followed up for 31 £ 13 months, with a
median of 36 months and IQR of 24 to 37 months, and 10% of the patients were followed
up for > 48 months. During the entire follow-up period, 45 patients underwent lung or heart
transplantation, or both, and 137 patients died; the 4-year event rate was estimated to be
30.9% (95% Cl, 26.4%—-35.2%). Among the 471 female patients, 25 patients underwent
transplantation and 73 died, for a 4-year event rate of 26.2% (95% Cl, 20.9%-31.2%).
Among the 279 male patients, 20 patients underwent transplantation and 64 died, for an
overall 4-year event rate of 39.8% (95% ClI, 30.9%-47.6%) (e-Table 5). After adjusting for
the competing risk of transplantation, the cumulative incidence of death was estimated to be
17.6% (95% ClI, 13.4%-21.7%) for female patients and 27.2% (95% CI, 20.4%-33.9%) for
male patients (e- Fig 1).

Among all patients with PH, male sex was associated with decreased transplant-free
survival, as shown in Figure 2 (hazard ratio, 1.63 [95% CI, 1.22-2.19; P=.001]; adjusted
hazard ratio, 1.46 [95% CI, 1.07-1.98; £=.02]). The effect of sex on survival, with

higher risk of transplantation or death in male patients, was not significantly different across
the age spectrum (e-Fig 2). Among female patients, postmenopausal participants showed
decreased transplant-free survival (e-Fig 3), although this difference was not significant after
adjustment for age, PVR, time since PH diagnosis, and WSPH group (P =.70). When

the interaction between PVR and sex was included in the model, the effect of sex on
survival was most notable at lower values of PVR (e-Fig 4). Adjusted effects of sex on
transplant-free survival by PVR percentile are presented in Table 6. Male sex was associated
with significantly increased risk of death or transplant at PVR of <5 WU, whereas no
significant difference was found in transplant-free survival by sex at higher PVR levels. The
regression-based causal mediation analysis demonstrated that RVEF significantly mediated
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the sex-based differences in transplant-free survival (total natural indirect effect, 0.20; 95%
Cl, 0.07-0.33; P=.003), with an estimated proportion mediated of 68% (e-Fig 5).

Discussion

In this multicenter, prospective cohort study, deep phenotyping of patients allowed for

the evaluation of sex-based differences across the spectrum of PVD. As expected, we
found that WSPH group 1 was most predominantly female. In this cohort, WSPH groups

2 and 4 also showed female predominance. Although patients in the PVDOMICS study
with PH were more likely to be female, male participants with PH showed worse RV
function as measured by echocardiography, cardiac MRI, and RHC. As expected, RVEF
was correlated negatively with PVR in both male and female participants,28 but we found a
novel, significant interaction between sex and PVR on RVEF, with sex-based differences in
RVEF most apparent at mild to moderate elevations of PVR. Male sex also was associated
with decreased transplant-free survival across the spectrum of PVD, which was explained
partially by differences in RVEF. Similar to sex-based differences in RV function, sex-based
differences in transplant-free survival were most notable at mild PVR elevations (< 5 WU).

The PVYDOMICS study provides a unique opportunity to evaluate sex-based differences
across the spectrum of PVD as a multicenter, prospective cohort study that enrolled patients
with all forms of PH. Further, it allows for investigation into the potential interaction

of multiple assessments of cardiopulmonary physiologic features such as RVEF and

PVR because of the deep phenotyping performed on large proportions of the patients
enrolled. The study also is strengthened by the reliability of the study measures, given

the protocolized collection of images and hemodynamic measurements with a close
temporal relationship, central core interpretation of studies, and rigorous adjudication of PH
grouping assigned to enrolled patients.16:17:20.21 The multimodal assessment of RV function
and the inclusion of participants across the spectrum of PH strengthen the validity and
generalizability of our findings beyond WPSH group 1 PAH.

Although male sex is associated with worse outcomes in PAH partially related to
disproportionate RV dysfunction, it is unknown if this is a unique feature of PAH or if

it extends to male patients with PH regardless of cause. Our results show that male sex

is associated with worse RV function across the spectrum of PVVD, which expands on

prior studies that have shown similar findings in healthy cohorts,10:11 patients with PAH,12
patients with heart failure with preserved ejection fraction,14 and patients with PH associated
with chronic lung disease.1® Although the magnitude of difference in RVEF between male
and female participants in our study is similar to what was seen in healthy cohorts,10:11 our
data show the PH-specific impact of these differences in RV function, because RV systolic
dysfunction was significantly more common in male participants with PH, and differences
in RVEF mediated a significant proportion of the sex-based differences in transplant-free
survival. Further, we observed a novel interaction between sex and PVR on RVEF, with
sex-based differences in RVEF most notable at mild to moderate elevations of PVR. Our
study suggested that sex-based differences in transplant-free survival largely may be driven
by patients with mild elevations of PVR (< 5 WU), where sex-based differences in RV
function are most notable.
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Overall, our study suggested that the RV in male patients is less able to compensate for
mild increases in afterload seen in what might be considered hemodynamically less severe
forms of PH and that this steep decline in RVEF with small increases in PVR contributes to
the observed differences in mortality between male and female participants with PH. This
is consistent with prior data that have demonstrated protective effects of estrogen hormones
on RV contractility and fibrosis in human and experimental PH.2%-31 Taken together, these
data suggest that hormonal factors may influence RV response to load stress in PH, but the
mechanisms by which this occurs in human disease need to be investigated further. Because
our study did not include data on reproductive factors such as number of pregnancies or use
of hormonal contraceptives or other hormonal therapies, we are unable to identify the impact
of these factors on the sex-based differences observed.

Our study emphasized the importance of RV function, specifically RVEF on cardiac MR, in
predicting outcomes in patients with PH, but also highlighted that RVEF should be evaluated
in the context of the pulmonary circulation and degree of RV afterload present. This may be
especially relevant in the care of patients with WSPH group 3 PH associated with chronic
lung disease, because these patients showed the highest rates of death and transplantation
despite a median PVR of 4.7 WU in the cohort. These data suggest that factors other

than RV afterload are contributing to RV failure in patients with PH, and the mechanisms
behind RV failure and maladaptation in these patients warrant further investigation. Possible
explanations include sex differences in intrinsic RV disease related to fibrosis, ischemia, or
metabolic dysfunction and cardiomyocyte lipotoxicity, which previously were shown to be
important in PAH.32.33

Our study has several limitations. Enrollment bias may obscure the true male and female
prevalences because gender-specific differences may persist in patient willingness to
participate in trials such as this. We are also limited by our inability to assess trajectory

of change in RV function or PVR because follow-up data presently are limited to vital status
and organ transplantation status. It is possible that sex-related differences exist in the rate of
change of RVEF and PVR that contribute to the difference in observed survival. Although
similar proportions of prevalent PH exist between male and female patients, male patients
with prevalent PH showed a shorter median duration of PH at enrollment that could reflect
the presence of more severe disease. This difference is unlikely to explain the differences

in RV function or survival because these analyses were adjusted for time since diagnosis.
The heterogeneity of the cohort also may have impacted our ability to identify factors

that are associated independently with sex. We attempted to adjust for as many factors as
possible given the sample size of the study; however, given the small number of patients

in the various subgroups of PH, we were unable to adjust for specific subtypes of PH such
as PAH associated with systemic sclerosis or systemic lupus erythematosus, so we cannot
identify how these specific disease subtypes impact the interaction of sex with RV function
in PAH. PH treatment status was not included in the multivariable analysis because we were
unable to account for changes in treatment during the follow-up period, although differences
in PH treatment between men and women may impact the results. These results do not
allow us to identify mechanisms behind the sex-based differences in RV function observed.
Although the consistency of these results implies a biological basis for the difference, it

is possible that gender differences in behavioral patterns, such as diet, exercise, or tobacco
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use; occupational history; family roles; and timing and frequency of seeking medical care
impact the observed results. Despite the prospective nature of this cohort, some data are
missing that could impact the results. Cardiac MRI was not performed in 40% of patients,
and patients without cardiac MRI data seemed to be more likely to have comorbidities
including coronary disease, chronic kidney disease, and diabetes. No significant differences
were found in missingness of cardiac MRI by sex, although it is possible that reasons

for not undergoing cardiac MRI were different between male and female participants and
could influence the results. Although sex-based differences in cardiac parameters were
adjusted for multiple comparisons, many secondary analyses were performed, increasing the
likelihood of false discovery, and these analyses should be considered exploratory. Further,
although we performed noninvasive assessments of RV-PA coupling through assessment of
TASPE to right ventricular systolic pressure ratio and by comparison of RVEF with PVR,
pressure-volume loops were not available to assess RV-PA coupling, which previously was
shown to be more sensitive in detecting sex-based differences in PH and may have amplified
our findings.2°

Interpretation

In conclusion, a female predominance exists in the PVDOMICS cohort of PH enrollees that
is most pronounced in groups 1, 2, and 4 PH. Among all patients with PH studied, male sex
was associated with worsened RV function and decreased transplant-free survival, which is

attributable partially to sex-based differences in RVEF. Sex-based difference in both RVEF

and transplant-free survival were most notable in patients with mild to moderate elevations

in PVR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Take-home Points
Study Question:

What sex-based differences exist in right ventricular (RV) function and transplant-free
survival in patients with pulmonary hypertension (PH) from the Redefining Pulmonary
Hypertension Through Pulmonary Vascular Disease Phenomics cohort?

Results:

Male patients showed significantly lower right ventricle ejection fraction (RVEF;
adjusted difference, 5.5%; 95% ClI, 3.2%-7.8%; P < .001) on cardiac MRI and decreased
adjusted transplant-free survival (HR, 1.46; 95% CI, 1.07-1.98; P=.02), partially
mediated by differences in RVEF (P =.003).

Interpretation:

Among all patients with PH, male sex was associated with worsened right ventricle
function and decreased transplant-free survival, which is attributable partially to sex-
based differences in RVEF and was most notable in patients with mild to moderate
elevations of PVR.
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Figure 1 -

A,gScatterpIot showing RVEF and PVR in male and female patients with pulmonary
hypertension (PH). Locally weighted scatterplot smoothing lines and Spearman correlation
coefficients for linear correlations are presented. RVEF is associated inversely with PVR in
both male and female patients. B, Multivariable linear regression plot showing RVEF with
PVR and sex. Model is adjusted for age, time since PH diagnosis, World Symposium on
Pulmonary Hypertension group, BMI, World Health Organization functional class, smoking
status, current exercise frequency and duration, and presence of comorbidities including
coronary artery disease, diabetes, chronic kidney disease, and atrial arrhythmias. P values
reported for effect of the variables of interest on RVEF based on the multivariable linear
regression model. Significant nonlinear interaction is present between PVR and sex on
RVEF (P = .05 for interaction, P = .04 for nonlinearity). The largest sex-based differences
in RVEF are noted at mild to moderate elevations of PVR. Mean differences in RVEF by
PVR are presented in Table 5. Largest sex-based differences in RVEF are noted at mild to
moderate PVR elevations and are not significant at significant PVR elevations (> 10 WU).
PVR = pulmonary vascular resistance; RVEF = right ventricle ejection fraction; WU = Wood
unit.
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Figure 2 —.

Kaplan-Meier curve showing transplant-free survival by sex in patients with pulmonary
hypertension (PH). Data are presented with confidence bands. Among all patients with PH,
male sex was associated with decreased transplant-free survival (HR, 1.63 [95% CI, 1.22—
2.19; P =.001]; adjusted® HR, 1.46 [95% ClI, 1.07-1.98; P = .02]). 2Adjusted for pulmonary
vascular resistance, age, time since PH diagnosis, and World Symposium on Pulmonary

Hypertension group. HR = hazard ratio.
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TABLE 5 ]
Sex-Based Differences in RVEF by PVR Percentile

PVR, WU Estimated Mean Difference in RVEF, %

22 -3.8(-7.7100.1)
3.0 -4.9 (-7.8t0 -2.0)
49 -6.7 (-9.4to -4.1)
75 6.4 (-9.510 -3.2)
10.9 -2.6 (6210 1.1)

Data presented as point estimate (95% Cl) at each listed at 10th, 25th, 50th, 75th, and 90th percentile for PVR. Estimated mean difference in RVEF
between male patients compared with female patients by multivariable linear regression. Model includes age, time since pulmonary hypertension
diagnosis, World Symposium on Pulmonary Hypertension group, BMI, World Health Organization functional class, smoking status, presence of
coronary artery disease, diabetes, chronic kidney disease, atrial arrhythmias, exercise frequency and duration, and an interaction term between PVR
and sex. RVEF = right ventrcle ejection fraction; PVR = pulmonary vascular resistance; WU = Wood unit.
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TABLE 6 ]

Adjusted Effects of Sex on Transplant-Free Survival by PVR Percentile

PVR, WU HR, male vs female

2.2
3.1
5.0
7.7
11.6

2.23 (1.14-4.37)
1.98 (1.22-3.22)
1.60 (1.12-2.27)
1.27 (0.82-1.96)
1.04 (0.64-1.68)

Data presented as point estimate HR (95% Cl) at 10th, 25th, 50th, 75th, and 90th percentile of PVR. HRs determined by Cox proportional hazards
model. Age, time since pulmonary hypertension diagnosis, World Symposium on Pulmonary Hypertension group, and sex-PVR interaction were
included in the model. HR = hazard ratio; PVR = pulmonary vascular resistance; WU = Wood unit.
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