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Abstract

Background Clinical trials repurposing pulmonary arterial hypertension (PAH) therapies to patients with
lung disease- or hypoxia-pulmonary hypertension (PH) (classified as World Health Organization Group 3
PH) have failed to show a consistent benefit. However, Group 3 PH clinical heterogeneity suggests robust
phenotyping may inform detection of treatment-responsive subgroups. We hypothesised that cluster
analysis would identify subphenotypes with differential responses to oral PAH therapy.

Methods Two k-means analyses were performed on a national cohort of US veterans with Group 3 PH; an
inclusive model (I) of all treated patients (n=196) and a haemodynamic model (H) limited to patients with
right heart catheterisations (n=112). The primary outcome was organ failure or all-cause mortality by
cluster. An exploratory analysis evaluated within-cluster treatment effects.

Results Three distinct clusters of Group 3 PH patients were identified. In the inclusive model (C1' n=43,
21.9%; C2' n=102, 52.0%; C3' n=51, 26.0%), lung disease and spirometry drove cluster assignment. By
contrast, in the haemodynamic model (C1% n=44, 39.3%; C2" n=43, 38.4%; C3" n=25, 22.3%), right
heart catheterisation data surpassed the importance of lung disease and spirometry. In the haemodynamic
model, compared to C3", C1" experienced the greatest hazard for respiratory failure or death (HR 6.1,
95% CI 3.2-11.8). In an exploratory analysis, cluster determined treatment response (p=0.006).
Conclusions regarding within-cluster treatment responses were limited by significant differences between
select variables in the treated and untreated groups.

Conclusions Cluster analysis identifies novel real-world subphenotypes of Group 3 PH patients with
distinct clinical trajectories. Future studies may consider this methodological approach to identify
subgroups of heterogeneous patients that may be responsive to existing pulmonary vasodilatory therapies.

Introduction

Pulmonary hypertension (PH) associated with chronic lung disease (CLD) and/or hypoxia (World Health
Organization (WHO) Group 3 PH) is a highly morbid condition, with mortality risk exceeding that of
pulmonary arterial hypertension (PAH) by 5-fold [1-3]. Currently, the cornerstone of treatment for
Group 3 PH is optimising the underlying lung disease or lung transplantation for eligible patients [4, 5].
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Clinical trials repurposing PAH therapies to Group 3 PH patients have failed to demonstrate consistent
benefit [6-10]. However, these data are limited by small sample sizes, variable inclusion criteria and
divergent trial end-points [6, 7]. Cumulative analyses from prospective trials [7, 11, 12] and clinical
practice [13, 14] indicate signs of favourable outcomes in certain Group 3 PH subgroups, yet the precise
clinical profile that informs treatment-responsiveness is unknown [15].

Importantly, the pathophysiology and clinical profile of Group 3 PH share features across CLDs, but are
simultaneously heterogenous. For example, shared mechanisms of pulmonary vascular injury are
implicated in both COPD-PH and interstitial lung disease-PH with common aspects of clinical presentation
[16, 17]. However, divergent disease mechanisms exist and, when present, Group 3 PH occurs across a
wide haemodynamic spectrum that strongly influences mortality risk [2, 3]. Additionally, overlapping risk
factors for Group 2 PH are common in real-world patients who rarely present with the isolated
pre-capillary disease represented in clinical trial populations [18]. Despite these observations, methods
used in clinical studies to test PAH therapy response in Group 3 PH hinge on reductionist approaches that
overemphasise a narrow subset of variables. Therefore, these methods may be insufficient to capture
discrete subgroups and their associated therapeutic response [19]. Recently, agnostic and robust strategies
have been used to phenotype and prognosticate PAH [20-23]. In particular, cluster analyses, which aim to
identify subgroups based on shared but nonintuitive patterns within aggregated traits [24], have unmasked
nuanced PAH subgroups that were otherwise missed using probabilistic models alone [25]. Thus,
deploying novel analytical methods to subphenotype Group 3 PH patients may inform identification of
within-group differences including treatment response patterns to repurposed PAH therapies.

The Veteran’s Health Administration is the largest integrated national health system in the USA and
includes a high prevalence of CLD and Group 3 PH [26, 27]. Within this cohort, off-label prescribing of
PAH therapies to Group 3 PH patients is common and systematically reported [28-30]. We hypothesised
that analysing a large cohort of veterans with Group 3 PH using k-means cluster analysis would identify
real-world subgroups defined by discrete clinical and physiological profiles with differential responses to
oral PAH therapies.

Methods

Study subjects

Veterans with Group 3 PH diagnosed between 1 January 2006 and 31 December 2017 were identified
using a previously validated claims-based algorithm [29-31]. Within this group, patients exposed to oral
PAH therapy between 1 January 2006 and 31 December 2016 were then selected to allow at least 1 year of
follow-up (n=334). A pulmonologist (SWJ) reviewed the medical records of all exposed patients to
confirm the Group 3 PH diagnosis and initiation of PAH therapy (n=196). For patients in whom right heart
catheterisation (RHC) data were available, a pre-capillary PH diagnosis was made based on a mean
pulmonary artery pressure (mPAP) >20 mmHg, pulmonary artery wedge pressure (PAWP) <15 mmHg and
pulmonary vascular resistance (PVR) >2 WU; a combined pre- and post-capillary diagnosis was made
based on a PAWP >15 mmHg and PVR >2 WU [4, 5]. In the absence of available RHC data, as is
common in real-world populations diagnosed with lung disease PH [14], a Group 3 PH diagnosis was
made based on composite clinical data with emphasis on echocardiographic PH features [32]. Those with
PH identified by echocardiogram alone were intentionally included in the analysis to understand the
importance of clinical variables typically obtained in the evaluation of real-world lung disease PH
populations and to compare their relevance to “gold standard” haemodynamic data.

To establish the cohort, patients exposed to PAH therapy were matched 1:1 to unexposed Group 3 PH
patients. Matching criteria included 1) age within 5 years of exposed patient at time of PH diagnosis and
2) claim-based PH diagnosis in the same calendar year. Patients were not matched based on underlying
CLD for several reasons. Several pathophysiological mechanisms implicated in the development of
CLD-PH are shared across lung diseases, including the impact of exposure to chronic hypoxia and
cigarette smoke and the influences of oxidative stress and cellular senescence on the pulmonary
vasculature [16, 17]. Therefore, the “vascular phenotype” of CLD may reflect a common pathway of
divergent upstream diagnoses, more likely to be captured and characterised with our inclusive approach.
This approach aligns with current recommendations for consideration of pulmonary vasodilator therapy in
patients with CLD, regardless of their underlying lung disease [33].

SWIJ then reviewed records of matched untreated patients to confirm Group 3 PH and lack of exposure to
PAH therapy (n=196). Overall cohort selection (n=392) and exclusion criteria are outlined in the
supplemental material and supplemental figure S1. This research was approved by the VA Boston
Healthcare System R&D committee (project #1590467).
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Cluster variables

Variables for inclusion in the cluster analysis were extracted from the medical record and entered into a
de-identified REDCap research database [34]. For patients treated with PAH therapies, data were extracted
from the outpatient visit at which PAH treatment was prescribed. To standardise data extraction for the
untreated patients, data were similarly extracted closest to the script date of the matched treated patient.
Extracted variables included standard-of-care testing for a suspected diagnosis of Group 3 PH including
pulmonary function testing, echocardiography and RHC data (if available) [4, 5]. For treated patients, only
RHC data collected prior to start of therapy were collected. Because isolated Group 3 PH is rare in
real-world populations within the age range of our study cohort [18], variables suggesting concomitant left
heart disease including left ventricular hypertrophy or left atrial enlargement were also included. Finally,
outpatient vital signs including supplemental oxygen requirements and blood pressure were extracted for
their relevance to risk of adverse effects of PAH therapy. Radiographic data were not extracted because
individual images could not be reviewed and validated independently [35]. From this dataset of extracted
variables (supplemental table S1), those with <20% missing values were eligible for inclusion in cluster
analyses (n=25 variables; supplemental table S2). Mean substitution and higher frequency substitution
were used to impute data for missing continuous and binary variables, respectively [36].

Primary and secondary outcomes

The primary outcome was a composite time to death by any cause or time to acute hospitalisation or
emergency department visit for acute respiratory, right heart or renal failure, by treated patient clusters. The
secondary outcome was a composite of mortality or a respiratory failure event. These were selected based
on literature indicating that PAH therapy may alter physiological ventilation/perfusion (V/Q) matching,
resulting in hypoxia and increased risk of respiratory hospitalisations when used by patients with Group 3
PH [10, 37]. In an exploratory analysis of treatment effect within cluster, outcomes were identified
following the PAH therapy script start date for both treated and untreated patients. To mitigate immortal
time bias, untreated patients were followed from the script date of their matched treated counterpart to
ensure untreated patients were at a time point beyond PH diagnosis [31].

Statistical analyses

Two k-means cluster analyses were performed in MATLAB to identify subgroups defined by distinct
clinical profiles [38]. Accepting the limited uptake of RHC to confirm Group 3 PH in real-world practice
[14, 39], the first k-means analysis (termed the inclusive model, I) was performed with all Group 3 PH
patients treated with PAH therapy (n'=196), including those diagnosed by echocardiography alone [38].
Owing to the importance of RHC data to diagnose PH and define Group 3 PH severity, a second cluster
analysis (termed the haemodynamic model, H) included patients with available RHC data (n"'=112)
(supplemental table S2). Following selection of k, clustering was run 1000 times to obtain consensus
clustering (supplemental figure S2). Random forest-based variable importance evaluation was performed in
the R package “caret” (https://rbasics.org/packages/caret-package-in-1/) to rank the importance of
individual variables in cluster assignment. Cluster matching was then used to assign each untreated patient
to a treated patient cluster according to the Euclidean distance of the scaled clinical profiles to the treated
cluster centres [36]. Additional methodological details are outlined in the supplemental material.
Descriptive outputs from cluster analyses are presented as meantsp or median (interquartile range (IQR))
for normally and non-normally distributed continuous variables, respectively, and n (%) for categorical
variables. Continuous variables were compared across clusters using the one-way ANOVA test for means
and Kruskal-Wallis test for medians; categorical variables were compared using chi-square testing.

Survival analysis with Kaplan—-Meier curves and log-rank tests were used to evaluate time-to-event across
clusters and within clusters by treatment. Univariate Cox regression analysis was performed to assess the
effect of cluster, a defined composite of relevant covariates, on outcomes. In our exploratory analysis, we
additionally used univariate Cox regression to assess the effect of treatment within cluster and to look for
evidence of effect modification by cluster using a cluster-by-treatment interaction [40]. The proportional
hazards assumption was confirmed for all analyses. A sensitivity analysis was performed with Fine-Gray
subdistribution hazard models for respiratory failure, with death as a competing risk, and reported with
cumulative incidence functions [41]. Survival analysis was performed using SAS statistical software,
version 9.4 (SAS Institute, Cary, NC, USA). All p-values are two-sided with a significance level of 0.05.

Results

From a total of 392 veterans (97.7% male) with Group 3 PH, treated and untreated patients (n=196 each)
were characterised by similar age and rates of COPD (67.4% versus 73.0%). However, oxygen dependence
(79.1% versus 43.4%) and idiopathic pulmonary fibrosis (IPF) (24.0% versus 6.1%) were more common in
the treated group (supplemental table S3). In the overall cohort, RHC was performed in 34.9% of patients
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(n=137): 57.1% of treated patients (n=112) and 12.8% of untreated patients (n=25). The haemodynamic
profile of treated patients was more severe than that of the untreated patients (mean PVR 6.4 versus
2.9 WU). Phosphodiesterase-5 inhibitors (PDE5i) were the most common PAH medication prescribed
(n=184, 93.9%), followed by endothelin receptor antagonists (ERA) (n=25, 12.8%) and combination
PDESI+ERA therapy (n=14, 7.1%).

Group 3 PH clusters

In the inclusive model, k-means identified three distinct patient clusters: Cluster 1" (C1'; n=43), Cluster 2"
(C2% n=102) and Cluster 3" (C3'; n=51), which accounted for 21.9%, 52.0% and 26.0% of the cohort,
respectively. In the haemodynamic model, restricted to treated patients with RHC data (n=112), three
subphenotypes were identified: Cluster 1" (C1"; n=44), Cluster 2" (C2"; n=43) and Cluster 3" (C3";
n=25), which accounted for 39.3%, 38.4% and 22.3% of patients with RHC data, respectively. The overall
clinical characteristics of each cluster are presented in tables 1 and 2 and the importance of specific
variables that were used to drive the assignment of patients to particular clusters is presented in rank order
in supplemental figures S3 and S4.

Clinical profiles of patients by cluster

In the inclusive model, there were no clinically meaningful differences across C1-C3 in age at PH
diagnosis (c1" 69 years, IQR 66-76 years; c2t 72 years, IQR 68-78 years; c3" 68 years, IQR 66—
76 years; p=0.02). Patients in C1' had a significantly greater body mass index (BMI) (32 kg'm™>, IQR

TABLE 1 Clinical profiles of treated World Health Organization Group 3 pulmonary hypertension patients by

cluster among all patients treated with pulmonary arterial hypertension therapy (n=196) included in the
inclusive model

Cluster 1 Cluster 2 Cluster 3 p-value

Patients 43 (21.9) 102 (52.0) 51 (26.0)
Age at PH diagnosis (years) 69 (66-76) 72 (68-78) 68 (66—76) 0.02
Body mass index (kg:m~?) 32 (29.5-38.3) 26.1 (23.1-29.4) 29.5 (24.9-31.9) <0.001
Systolic blood pressure (mmHg) 132 (12— 146) 124 (113-135) 120 (110-128) <0.001
Creatinine (mg'dL_l) 1.1 (1.0-1.3) 1.1 (0.9-1.2) 1.03 (0.9-1.2) 0.35
Comorbidities

Hypertension 35 (81.4) 76 (74.5) 32 (62.7) 0.11

Diabetes 24 (55.8) 21 (20.6) 16 (31.4) <0.001
Chronic lung disease

COPD 32 (74.4) 90 (88.2) 10 (19.6) <0.001

IPF 1(2.3) 2 (2.0) 44 (86.3)" <0.001

Non-IPF interstitial lung disease 7 (16.3) 30 (29.4) 10 (19.6) 0.17

Obstructive sleep apnoea 32 (74.4) 13 (12.7) 7(13.7) <0.001
Oxygen dependence 17 (39.5) 91 (89.2) 47 (92.2) <0.001
Pulmonary function test data

FEV; (% predicted) 67.0+19.3 54.8+23.8 66.0+22.4

FVC (% predicted) 75.1+18.3 74.2421.9 63.0£22.7

FEV,/FVC (%) 67 (61-74) 57.6 (41.5—64.5)'| 80 (74-86.5)

Dy co (% predicted) 50 (42—62.5)'I 34.7 (24.3-45.2) 31.7 (23.1-43.8)
Echocardiogram data®

Inferior vena cava dilation 13 (30.2) 18 (17.6) 3(5.9) 0.008

Right atrial dilation 28 (65.1) 78 (76.4) 34 (66.7) 0.26

Right ventricular dilation 27 (62.8) 77 (75.4) 36 (70.6) 0.30

RVSP (mmHg) 60 (50-77) 60 (57-80) 60 (55-73) 0.66

Left ventricle ejection fraction (%) 60 (55-60) 58 (55-63) 58 (55-60) 0.78

Left atrial dilation 28 (65.1) 27 (26.4) 12 (23.5) <0.001

Left ventricular hypertrophy 20 (46.5) 22 (21.6) 14 (27.5) 0.01

Data for continuous variables are presented as meantsp or median (interquartile range) for normally and
non-normally distributed variables, respectively, and categorical variables are presented as n (%). p-values are
calculated using Kruskal-Wallis test for medians, one-way ANOVA for means and chi-square for percentages.
PH: pulmonary hypertension; IPF: idiopathic pulmonary fibrosis; FEV;: forced expiratory volume in 1s;
FVC: forced vital capacity; D co: diffusing capacity of the lungs for carbon monoxide; RVSP: right ventricular
systolic pressure estimate. *: n (%) refers to the number of patients with the described echocardiographic
feature; !: denotes the variable most important in cluster determination (also see supplemental figure S3).
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TABLE 2 Clinical profiles of treated World Health Organization Group 3 pulmonary hypertension patients by

cluster among those with right heart catheterisation (n=112) included in the haemodynamic model

Cluster 1 Cluster 2 Cluster 3 p-value
Patients 44 (39.3) 43 (38.4) 25 (22.3)
Age at PH diagnosis (years) 70 (66—77) 69 (66—74) 68 (66—73) 0.42
Body mass index (kg-m_z) 27.0 (24.8-29.6)  27.4 (24.1-30.0) 33.8 (31.5-41.7) <0.001
Systolic blood pressure (mmHg) 120 (110-134) 125 (113-136) 130 (123-142) 0.14
Creatinine (mg'dL_l) 1.1 (0.9-1.3) 1.0 (0.8-1.2) 1.1 (1.0-1.3) 0.36
Comorbidities
Hypertension 37 (84.1) 24 (55.8) 19 (76.0) 0.01
Diabetes 12 (27.3) 15 (34.9) 12 (48.0) 0.22
Chronic lung disease
Chronic obstructive pulmonary disease 35 (79.5) 30 (69.8) 16 (64.0) 0.34
IPF 7 (15.9) 8 (18.6) 1(4.0) 0.23
Non-IPF interstitial lung disease 12 (27.3) 14 (32.6) 1 (4.0 0.02
Obstructive sleep apnoea 8 (18.2) 7 (16.3) 22 (88.0) <0.001
Oxygen dependence 40 (90.9) 39 (90.7) 7 (28.0) <0.001
Pulmonary function test data
FEV, (% predicted) 72.5+20.4 51.1+21.8" 63.8+17.2 <0.001
FVC (% predicted) 88.0+18.8 65.5+19.7 70.2£17.5 <0.001
FEV,/FVC (%) 65.3 (56.5-72.5) 61 (46.5-73.5) 68 (61.5-75) 0.0966
Dico (% predicted) 29.5 (23-45.2) 32 (23.9-37.5) 51.3 (40—63)'I <0.001
Echocardiogram data®
Inferior vena cava dilation 14 (31.8) 2 (4.7) 4 (16.0) 0.004
Right atrial dilation 38 (86.4) 27 (62.8) 17 (68.0) 0.04
Right ventricular dilation 42 (95.5) 26 (60.5) 17 (68.0) <0.001
RVSP (mmHg) 80 (64-95) 59 (48-60) 60 (50-75) <0.001
Left ventricle ejection fraction (%) 60 (55-65) 58 (55-60) 60 (55-60) 0.11
Left atrial dilation 24 (54.5) 5(11.6) 12 (48.0) <0.001
Left ventricular hypertrophy 18 (40.9) 5(11.6) 11 (44.0) 0.003
Right heart catheterisation data
Mean pulmonary artery pressure (mmHg) 46.9+9.6 34.847.9 40.1+11.4 <0.001
Pulmonary artery wedge pressure (mmHg) 12 (8.8-14) 13 (9-15) 16 (14-18) <0.001
Pulmonary vascular resistance (WU) 8.3 (5.7-10.9)" 4.6 (3.1-5.7) 4.6 (3.4-5.7) <0.001

Data for continuous variables are presented as meantsp or median (interquartile range) for normally and
non-normally distributed variables, respectively, and categorical variables are presented as n (%). p-values are
calculated using Kruskal-Wallis test for medians, one-way ANOVA for means and chi-square for percentages.
PH: pulmonary hypertension; IPF: idiopathic pulmonary fibrosis; FEV;: forced expiratory volume in 1s;
FVC: forced vital capacity; D, co: diffusing capacity of the lungs for carbon monoxide; RVSP: right ventricular
systolic pressure estimate. *: n (%) refers to the number of patients with the described echocardiographic
feature; !: denotes the variable most important in cluster determination (also see supplemental figure S4).

29.5-38.3 kg-m™ versus C2" 26.1kg'm™> IQR 23.1+29.4 kg-m~ and C3" 29.5kg-m™, IQR 24.9—
31.9kg'm™2; p<0.001) and systolic blood pressure (132 mmHg, IQR 128-146 mmHg versus C2"
124 mmHg, IQR 113-135 mmHg and C3": 120 mmHg, IQR 110-128 mmHg; p<0.001). Most patients in
C1' (74.4%) had moderate COPD (forced expiratory volume in 1s (FEV;) 67.0+19.3% predicted) or
COPD—obstructive sleep apnoea (OSA) overlap syndrome (74.4%). In fact, a concomitant diagnosis of
OSA was strongly important in determining cluster assignment (supplemental figure S3). C1' patients often
had systemic hypertension (81.4%) and diabetes mellitus (55.8%), which are established risk factors for
pathogenic remodelling of the left heart [42] that may predispose to post-capillary PH. Indeed, the
echocardiographic profile of C1' patients showed that 65% of this subphenotype had left atrial dilation and
47% had left ventricular hypertrophy, which were 2.8-fold and 2.2-fold greater, respectively, than in the
clusters with the lowest prevalence.

The predominant lung pathophenotype in C2' was also COPD (88.2%). Compared to C1' and C3', these
patients had the most severe airflow obstruction (FEV; for C2%: 54.8+23.8% predicted versus C1': 67.0
+19.3% predicted and C3": 66.0+22.4% predicted). Few patients had overlapping OSA (12.7%). In this
cluster, one third of patients had evidence of overlapping interstitial lung disease (29.4%). In contrast to
C1" and C2', C3' included mainly patients with a diagnosis of IPF (86.3%), which was internally
consistent with our observation that this subphenotype also had the most severely impaired diffusing
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capacity of the lung for carbon monoxide (Do) (C1%: 50%, IQR 42-62.5% predicted; C2% 34.7%, IQR
24.3-45.2% predicted; C3" 31.7%, IQR 23.1-43.8% predicted; p<0.001) and the highest number of
patients dependent on supplemental oxygen (C1%: 39.5%; C2': 89.2%; C3% 92.2%; p<0.001). In C3',
preserved FEV to forced vital capacity (FVC) ratio (80.8%, IQR 74-86.5%), reflective of restrictive lung
disease, was more important for determining cluster assignment than D;co (supplemental figure S3).
Echocardiographic features of PH, including right atrial and ventricular dilation and elevated right
ventricular systolic pressure (RVSP) estimates, were present across C1-3', but not significantly different
between clusters (table 1).

In the haemodynamic model, age did not significantly differ between groups; however, BMI was greatest
in C3" (33.8kg'm™2, IQR 31.5-41.7 kg'm™? versus C1™: 27.0kg'm™2, IQR 24.8-29.6 kg'm™? and
C2": 27.4 kg-m™2, IQR 31.5-41.7 kg'm™2; p<0.001). In this model, the underlying lung disease distributed
more evenly across clusters. For example, the prevalence of COPD and IPF were not significantly different
across clusters. Echocardiographic parameters supportive of PH were most prevalent in C1 as compared
to C2% and C3", including the percentage of patients with at least mild right atrial dilation (86.4% versus
C2M: 62.8% and C3M: 68.0%; p=0.04), right ventricular dilation (95.5% versus C2%: 60.5% and C3™:
68.0%; p<0.001) and elevated RVSP (80 mmHg, IQR 64-95 mmHg versus C27: 59 mmHg, IQR 48—
60 mmHg and C3™: 60 mmHg, IQR 50-75mmHg; p<0.001). Focusing on cardiopulmonary
haemodynamic parameters, C1" included patients with the highest mPAP (46.9+9.6 mmHg) and PVR
(8.3 WU, IQR 5.7-10.9 WU) but normal PAWP (12 mmHg, IQR 8.8-14 mmHg). C2™ patients had less
severe haemodynamic abnormalities (mPAP 34.8+7.9 mmHg and PVR 4.6 WU, IQR 3.1-5.7 WU) and
C3" included patients with a profile that was, overall, most consistent with combined pre- and post-
capillary PH (mPAP 40.1+11.4 mmHg, PAWP 16 mmHg, IQR 14-18 mmHg and PVR 4.6 WU, IQR 3.4—
5.7 WU) (table 2).

PVR was most important in determining assignment to C1" (supplemental figure S4), which was largely
characterised by COPD patients (79.5%) on supplemental oxygen (90.9%). C2" included patients with the
most severe obstructive lung disease (FEV; 51.1+21.8% predicted) and reduced Dy o (32%, IQR 23.9-37.5%
predicted). In this cluster, spirometric data and haemodynamic parameters were more important to cluster
assignment than D; o. OSA was most common in C3" (88%), which included patients with the highest
BMI (33.8 kg'm 2, IQR 31.5-41.7 kg:m~2) and the most preserved Dj o (51.3%, IQR 40-63% predicted)
(table 2).

Outcomes by Group 3 PH clusters

Patients were followed for 3.4+2.6 years after the start of PAH therapy. In the inclusive model, 29 patients
(67.4%) in C1', 94 patients (92.2%) in C2' and 50 patients (98.0%) in C3' experienced the primary
outcome. In the haemodynamic model, the primary outcome occurred in 43 patients (97.7%), 36 patients
(83.7%) and 14 patients (56%) in C1%, C2% and C3", respectively. For both the inclusive and
haemodynamic models, the primary and secondary outcomes differed significantly by cluster (log rank
p<0.001) (figure 1). In the inclusive model, compared to C1', patients in C2' and C3' had a significantly
increased risk of both organ-specific failure or death (CZI: HR 2.3, 95% CI 1.5-3.6; C3": HR 3.0, 95% CI
1.9-4.8) as well as respiratory failure or death (C2" HR 2.6, 95% CI 1.7-4.0; C3": HR 3.1, 95% CI 1.9-4.9).
In a multivariate analysis adjusting for CLD, the differential outcomes by cluster remained significant. In
the haemodynamic model, C1" experienced a 6-fold increased hazard of respiratory failure or death
(HR 6.1, 95% CI 3.2-11.8) compared with C3" (table 3).

Treatment effect within Group 3 PH clusters

Within clusters, the clinical profiles of the treated compared to the untreated patients were largely similar
but with important and significant differences for select variables (supplemental tables S4-S7). In the
inclusive model, treated patients were more likely to be on oxygen, with more severe impairments in Dy co
and elevations in RVSP. In the haemodynamic model, treated patients had more significant elevations in
mPAP and PVR across clusters, with similar PAWP. Acknowledging these differences, exploratory
analyses of treatment effect within cluster demonstrated increased risk of adverse outcomes associated with
therapy (log rank p<0.05; figure 2 and supplemental figure S5). For clusters defined by the haemodynamic
model, there was evidence of effect modification by cluster in which clinical risk by treatment depended
on cluster assignment. For example, treatment increased the hazard for death or respiratory failure by
3-fold for C1" (97.7% treated versus 67.2% untreated; HR 3.2, 95% CI 2.0-4.9; p<0.001) whereas no
significant effect was observed for treatment for C3" patients (52% treated versus 41.9% untreated; HR 1.1,
95% CI 0.5-2.2; p=0.81) (table 4). In a competing risk sensitivity analysis, the hazard associated with
treatment was equivocal across all clusters, both for the inclusive and haemodynamic models
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FIGURE 1 Survival curves by cluster analysis-defined Group 3 pulmonary hypertension subphenotypes. a, b) Primary outcome (composite time to
death by any cause or time to acute hospitalisation or emergency department visit for acute respiratory, right heart or renal failure) by cluster.
¢, d) Secondary outcome of a composite of time to death or respiratory failure by cluster. Panels a and c represent the inclusive model and panels
b and d represent the haemodynamic model.

(supplemental table S8). For example, 34.1% of treated and 38.8% of untreated patients from C1" of the
haemodynamic model experienced respiratory failure (Gray’s test p=0.58) (supplemental figure S6).

Discussion

To our knowledge, this is the first study using cluster analysis to profile novel real-world subphenotypes of
Group 3 PH patients and to use clusters to explore heterogeneity of treatment response to pulmonary
vasodilator therapy. In a large real-world cohort, our approach identified unique patient subgroups that
were independent of underlying lung disease and distinct by virtue of unifying clinical profiles. In fact,
CLD was not sufficient to differentiate groups, suggesting that the current characterisation of Group 3
patients by CLD alone may be limited. Subphenotypes in our analysis were associated with significantly
disparate clinical trajectories, including death and respiratory failure, and in this way, were well positioned
to elucidate differences in outcomes within groups treated with oral pulmonary vasodilators compared to
untreated patients. In an exploratory analysis limited by the differences between treated and untreated
patients inherent in a retrospective real-world cohort, we observed that treatment effect depended on cluster
assignment and that treatment was associated with a greater clinical event rate compared to no treatment.
Our findings identify opportunities to deconstruct clinical heterogeneity and nuance Group 3 PH
phenotyping using agnostic analytical methods. Simultaneously, these results identify an opportunity to
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TABLE 3 Primary and secondary end-points for cluster analysis-defined subgroups of Group 3 pulmonary

hypertension patients treated with pulmonary arterial hypertension therapy

Inclusive model Haemodynamic model
HR (95% CI) p-value HR (95% ClI) p-value
Death or organ-specific failure
(respiratory, renal, right heart)
Cluster 1 6.4 (3.3-12.6) <0.001
Cluster 2 2.3 (1.5-3.6) <0.001 3.1 (1.6-6.0) 0.001
Cluster 3 3.0 (1.9-4.8) <0.001
Death or respiratory failure
Cluster 1 6.1 (3.2-11.8) <0.001
Cluster 2 2.6 (1.7-4.0) <0.001 3.1 (1.6-6.0) 0.001
Cluster 3 3.1 (1.9-4.9) <0.001

The inclusive model includes all treated and untreated patients (n=392); the haemodynamic model includes
treated patients exposed to pulmonary arterial hypertension therapy with available right heart catheterisation
data (n=112). For the inclusive model, cluster 1' is the reference and for the haemodynamic model including
treated patients who underwent right heart catheterisation, cluster 3" is the reference. The reference was
determined by the cluster with the most favourable outcome as per figure 1.
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FIGURE 2 Survival curves by treatment within Group 3 pulmonary hypertension subphenotypes. a-c) The effect of treatment on the primary
outcome of death or organ failure within inclusive model clusters (C1'-C3'). d-f) The effect of treatment on the same primary outcome within
haemodynamic model clusters (C17-C3").
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TABLE 4 Effect of pulmonary arterial hypertension therapy exposure on outcomes within cluster analysis-

defined subgroups of Group 3 pulmonary hypertension patients

Inclusive model Haemodynamic model
HR (95% ClI) p-value HR (95% ClI) p-value

Death or organ-specific failure

(respiratory-renal-right heart)*

Cluster 1 2.1 (1.3-3.6) 0.005 3.2 (2.1-5.0) <0.001

Cluster 2 2.0 (1.5-2.7) <0.001 1.6 (1.1-2.5) 0.02

Cluster 3 2.2 (1.3-3.9) 0.005 1.2 (0.6-2.3) 0.65
Death or respiratory failure”

Cluster 1 1.9 (1.1-3.2) 0.025 3.2 (2.0-4.9) <0.001

Cluster 2 2.1 (1.6-2.9) <0.001 1.6 (1.1-2.5) 0.02

Cluster 3 2.1(1.2-3.8) 0.009 1.1 (0.5-2.2) 0.81

The inclusive model includes all treated and untreated patients (n=392); the haemodynamic model includes
treated patients exposed to pulmonary arterial hypertension therapy with available right heart catheterisation
data (n=112). Treatment effects represent the effect of pulmonary vasodilator therapy within the treated
clusters as compared to all untreated patients (n=196) via cluster matching. In a model with a
cluster-by-treatment interaction, the interaction term was significant for the primary” and secondary” outcomes
(p=0.006 and p=0.01, respectively).

employ novel methods to identify subphenotypes of Group 3 PH that are more likely to benefit from, or
experience harm when treated with, pulmonary vasodilator therapies.

The inclusive and haemodynamic models in this study generated clusters that were distinct, with variable
and clinically meaningful profiles. The inclusive model generated clusters that incorporated the overlapping
physiology that is characteristic of real-world patients. For example, patients in C1' were characterised by a
profile at risk for concomitant Group 2 PH physiology whereas C2' had a profile suggestive of a combined
pulmonary fibrosis and emphysema subphenotype with characteristically preserved lung volumes (FVC) and
a reduced FEV/FVC compared to C3', where a diagnosis of IPF predominated [43]. The fact that outcomes
remained discrete across clusters even after adjusting for underlying CLD is an important finding from our
study. In the current PH guidelines, Group 3 disease is separated by CLD; however, pulmonary diagnosis
alone may be insufficient to differentiate subphenotypes of Group 3 patients. Specifically, our findings
suggest that a broader range of patient data should be considered to deconstruct subgroup heterogeneity.
Importantly, in the inclusive model, echocardiographic features of PH including RVSP and dilation of the
right heart chambers did not differ across clusters. In fact, the median RVSP was the same across c1'-c3’,
reinforcing limitations of echocardiography alone for subphenotyping CLD populations [44, 45].

Inclusive model outcomes were most favourable for C1', with C2' and C3' experiencing a 2-3-fold
increased risk of death and organ-specific failures, respectively. These outcomes in part reflect the
underlying lung disease and overlapping comorbidities because treatment of sleep-disordered breathing
may normalise pulmonary artery pressures [46, 47], guideline-directed heart failure therapies including
diuretics may partially address post-capillary PH, and the mortality risk associated with IPF-PH is greater
than that of COPD-PH [48]. When considering the effect of PAH therapy within these clusters, all
subphenotypes were associated with a similar 2-fold increase in the risk for both the primary and
secondary outcomes, compared to untreated patients. It is noted that in our sensitivity analysis of organ
failure, with death as the competing event, we were still unable to identify a cluster in whom treatment was
efficacious although the effect estimates were less. However, conclusions surrounding within-cluster
treatment responses and recommendations for use of these therapies by cluster are limited by the
retrospective design of the study and differences in select variables between treated and untreated patients,
despite baseline and cluster matching. These findings expand on existing clinical trial data focused on
short-term outcomes including 6-min walk distance (6EMWD) and haemodynamic end-points, and mirror
studies that have identified clinical worsening associated with treatment [9, 10].

The results of our haemodynamic model, restricted to patients with available RHC data (57% of treated
patients) [4, 5], highlight the importance of invasive haemodynamic assessment for patients with Group 3
PH, especially when considering initiation of pulmonary vasodilators [4, 5]. The low frequency of RHC
across our cohort prior to initiation of PAH therapy is consistent with previously established PH practice
patterns [14, 39]. Hesitation surrounding haemodynamic assessment in Group 3 patients warrants ongoing
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education and may be partly responsible for the heterogeneity of treatment effect seen across Group 3 PH
trials when enrolment is determined by echocardiographic PH features [6, 7]. In this model, we identified
three subphenotypes defined by haemodynamic and spirometric parameters, which definitively surpassed
underlying lung disease in terms of variable importance to cluster assignment. These results align with
studies in both COPD [49, 50] and interstitial lung disease [15, 33, 51], proposing a vascular lung disease
phenotype characterised by preserved spirometry, significantly reduced D;co, hypoxia, oxygen
dependence and a more severe haemodynamic profile [4, 5]. In a cohort of COPD patients referred for
lung volume reduction surgery or transplant (50.2% of whom had PH confirmed by RHC), k-means
cluster analysis similarly identified a subphenotype of patients with severe PH, moderate obstruction and
hypoxaemia [50]. Therefore, it may be the case that cluster analysis is well positioned to advance
knowledge of the clinical profiles hidden within the spectrum across groups commonly encountered in
real-world practice, currently defined as Group 1/3 PH overlap or Group 2/3 PH overlap.

Recent studies have investigated whether haemodynamic parameters may predict treatment response in
Group 3 PH. Concordant with these retrospective data, in our haemodynamic model we did not identify a
cluster in which treatment was associated with a mortality benefit or reduced risk of organ failure.
However, we did find that treatment effect depended on cluster assignment. This may be due to
fundamental differences between our treated and untreated patients and the retrospective nature of our
study in that treated patients often had more severe PH and/or lung disease. Additionally, inclusion of
measures of exercise tolerance (e.g. 6MWD) may have strengthened the validity of our findings, but were
not available for inclusion in the cluster models. In a retrospective study of COPD-PH patients, Vizza
et al. [12] identified baseline WHO functional class and 6MWD as predictors of treatment response
whereas haemodynamic profiles did not differ between responders and nonresponders. Similarly, in a
recent single-centre cohort study of patients with severe Group 3 PH, PVR did not predict treatment
response, defined by a 30-m improvement in 6MWD [52]. While recent guidelines allow for consideration
of PAH therapy in patients with lung disease and PVR >5 WU, cumulatively, our results and those
previously published highlight the importance of prospective studies, particularly within subgroups
enriched for treatment response, possibly with multicomponent end-points [53, 54]. Finally, our study
highlights the importance of end-points that capture clinical deterioration, including morbidity and
mortality, and is the first to examine long-term treatment effects within Group 3 PH subgroups [31, 54].

Strengths and limitations

To our knowledge, this is the first study to assess the impact of treatment in Group 3 PH using k-means
cluster analysis, which is a methodology that has proven effective for identifying novel patient subgroups
in PAH populations [20, 22, 23]. In this study, patients were followed for several years, expanding our
appreciation of treatment consequences beyond the narrower timeframe typical of rigorously controlled
clinical trials. However, key variables that are used to define treatment response in clinical practice
(e.g. 6MWD and WHO functional class) were not available in this analysis, and missingness of variables
in the analytical models may have confounded our results. Future studies incorporating these important
variables will expand our understanding of the utility of k-means cluster analysis for Group 3 PH
phenotyping. In fact, findings from our k-means analysis delineating Group 3 PH patient subgroups
effectively show proof of concept for the use of this method when considering approaches that aim to
refine enrolment criteria in prospective clinical trials; expansion to validation cohorts, including those
within specific CLD populations, will be important prior to pursing this application. As with all
retrospective methods, confounding by indication is a possible source of bias. Specifically, sicker patients
may have been more likely to receive treatment, which would limit our ability to detect within-cluster
treatment effects. Therefore, application of similar methodologies to randomised clinical trial populations
with lack of bias regarding treatment decisions may be better positioned to expose succinct clinical profiles
that inform treatment response.

In conclusion, cluster analysis is an effective method to identify Group 3 PH patients with similar but
previously unrecognised traits, clinical trajectories and, possibly, treatment responses. Despite limitations
associated with the retrospective study design and data missingness, our results demonstrate the potential
for our methodology to deconstruct clinical heterogeneity and enhance subphenotyping among real-world
patients, often with overlapping World Symposium on Pulmonary Hypertension Group features.
Furthermore, when applied to well-matched cohorts, we believe our work demonstrates proof of concept
that clustering may be a tool to aid investigations to identify Group 3 PH patients who stand to benefit
from, or experience harm when treated with, pulmonary vasodilator therapies.

Provenance: Submitted article, peer reviewed.
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