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Abstract

Background—It is currently unknown if disease severity modifies response to therapy in
pulmonary arterial hypertension (PAH). We aimed to explore if disease severity, as defined by
established risk-prediction algorithms, modified response to therapy in randomised clinical trials
in PAH.

Methods—We performed a meta-analysis using individual participant data from 18 randomised
clinical trials of therapy for PAH submitted to the United States Food and Drug Administration to
determine if predicted risk of 1-year mortality at randomisation modified the treatment effect on
three outcomes: change in 6-min walk distance (6MWD), clinical worsening at 12 weeks and time
to clinical worsening.

Results—Of 6561 patients with a baseline US Registry to Evaluate Early and Long-Term PAH
Disease Management (REVEAL 2.0) score, we found that individuals with higher baseline risk
had higher probabilities of clinical worsening but no difference in change in 6MWD. We detected
a significant interaction of REVEAL 2.0 risk and treatment assignment on change in 6MWD.

For every 3-point increase in REVEAL 2.0 score, there was a 12.49 m (95% CI 5.86-19.12 m;
p=0.001) greater treatment effect in change in 6MWD. We did not detect a significant risk by
treatment interaction on clinical worsening with most of the risk-prediction algorithms.
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Conclusions—We found that predicted risk of 1-year mortality in PAH modified treatment
effect as measured by 6MWD, but not clinical worsening. Our findings highlight the importance
of identifying sources of treatment heterogeneity by predicted risk to tailor studies to patients most
likely to have the greatest treatment response.

Shareable abstract (@ERSpublications)
Disease severity in pulmonary arterial hypertension modifies treatment effect by change in 6-

min walk distance but not clinical worsening in a meta-analysis of randomised clinical trials,
highlighting the variable performance of surrogate end-points https://bit.ly/3NSJ9Pg

Introduction

Pulmonary arterial hypertension (PAH) is a progressive disease characterised by elevated
pulmonary arterial pressure and pulmonary vascular resistance resulting in right heart failure
and death [1, 2]. Pharmacotherapeutic options have increased over the past two decades

and have improved outcomes; however, PAH remains a fatal disease [3]. Despite the US
Food and Drug Administration (FDA) approval of 15 drugs, there are limited data regarding
which patients might derive more or less benefit from therapy [4]. Randomised clinical
trials (RCTs) provide estimates of average treatment effects but they are less able to explore
variability of treatment impact between trial participants, termed heterogeneity of treatment
effect (HTE). Inferring average clinical benefit for individual patients may therefore be
misleading [5].

In many chronic diseases, patients with greater disease severity often achieve greater benefit
from effective interventions. Several risk-prediction algorithms derived from PAH registry
data identify patients at low, intermediate and high risk of 1-year mortality and have been
used increasingly in clinical care [5, 6]. Stratifying patients by illness severity at baseline
using established risk-prediction rules could detect clinically important HTE and treatment—
covariate interactions [7-9]. This may help guide future trials by identifying patients with
the largest treatment response and the clinical care of patients by personalising their
treatment plan. However, it is not currently known if predicted risk using these prediction
rules modifies treatment effect in PAH.

To address this knowledge gap, we harmonised individual participant data (IPD) from 18
phase 3 RCTs in PAH submitted to the US FDA for regulatory approval. We hypothesised
that patients with higher predicted risk of mortality at randomisation would receive greater
treatment benefit from active drug versus comparator (placebo).

Study design and methods

Study and patient selection

We received IPD from 28 RCTs of therapies for PAH that were submitted to the US

FDA in 2000-2013. We excluded two phase 2 studies, seven open label extension and
phase 4 studies, and one study that only included participants with chronic thromboembolic
pulmonary hypertension (CTEPH). Our study sample included 18 studies (supplementary
table S1) [10-26]. We included all adult patients with a diagnosis of PAH. We excluded 1)
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patients with a diagnosis of CTEPH and 2) patients who were randomised but never received
active therapy (figure 1).

The 18 RCTs studied 10 drugs over five drug classes: 1) endothelin receptor antagonists:
bosentan, ambrisentan, sitaxentan and macitentan; 2) soluble guanylate cyclase stimulators:
riociguat; 3) phosphodiesterase type 5 inhibitors: sildenafil and tadalafil; 4) prostacyclin
analogues: treprostinil and iloprost; and 5) prostacyclin receptor agonists: selexipag. All
studies except for the AMBITION trial [12] allocated patients to investigational therapy

or placebo. For AMBITION, we considered the monotherapy arms (ambrisentan alone

or tadalafil alone) as the “control” arm. For trials that included varying doses of the
investigational therapy, we combined all doses into a single active therapy arm.

Data harmonisation has been previously described in detail (supplementary material) [27].

Risk-prediction algorithms

Outcomes

We assessed the risk of 1-year mortality at the screening or randomisation visit using the US
Registry to Evaluate Early and Long-Term PAH Disease Management (REVEAL 2.0) [28],
the abridged version of REVEAL 2.0 (REVEAL Lite 2) [29], Comparative, Prospective
Registry of Newly Initiated Therapies for Pulmonary Hypertension (COMPERA) [30], the
modified four-strata model of COMPERA (COMPERA 2.0) [31] and the invasive French
Pulmonary Hypertension Registry (FPHR) score (supplementary material) [31].

6-min walk distance—We defined a change in 6-min walk distance (A6MWD) as
the difference between measurements at baseline and at 12 or 16 weeks (supplementary
material).

Clinical worsening—Clinical worsening (CW) events were defined as any one of

the following events: 1) all-cause death, 2) lung transplantation, 3) atrial septostomy,

4) hospitalisation for worsening PAH, 5) discontinuation of study treatment (or study
withdrawal) for worsening PAH, 6) initiation of parenteral (intravenous or subcutaneous)
prostanoid therapy or 7) decrease of at least 15% of 6MWD from baseline, combined with
either i) worsening of World Health Organization (WHO) functional class from baseline or
ii) the addition of approved PAH treatment. This composite end-point included clinically
important events and could be assessed uniformly across studies. Time-to-event analysis
used time expressed in weeks from randomisation to the first CW event. If no CW events
occurred, follow-up time was censored at the last visit or end of study participation if the
individual did not complete the study. Additionally, we used the 12-week risk of CW as a
binary variable.

Statistical analysis

We primarily used a two-stage meta-analysis. For A6BMWD, we ran linear regression models
in each trial with ABMWD as the dependent variable and baseline risk (on a continuous
scale from the prediction rules) and treatment assignment as the main independent variables
without adjusting for additional covariates. We obtained effect estimates, standard errors

Eur Respir J. Author manuscript; available in PMC 2024 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pan et al.

Results

Page 4

and confidence intervals in each individual trial. In the second stage, we used the

inverse variance weighted random-effects model to allow for between-trial heterogeneity

to combine study-specific effect estimates from the first stage to generate summary results
and forest plots. The random-effects model was fitted with a restricted maximum likelihood
estimation with confidence intervals derived using the Hartung, Knapp, Sidik, Jonkman
(HKSJ) approach. We followed the same two-stage approach with models that included an
interaction with baseline risk (on the continuous scale) and treatment assignment. We used
the Stata package, ipdmetan [32].

For the analysis of CW by 12 weeks, we ran logistic regression models in each of the

18 RCTs separately to obtain odds ratios, standard errors and confidence intervals and
combined the effect estimates in the second stage. For time-to-event analysis, we restricted
our analysis to three trials, AMBITION, GRIPHON and SERAPHIN, because other trials
did not have follow-up beyond 16 weeks. In the first stage, we ran Cox proportional hazards
models within each trial with time to CW as the outcome, and baseline risk (continuous
scale) and treatment assignment as independent variables to obtain hazard ratios, standard
errors and confidence intervals and combined the effect estimates in the second stage using
the random-effects model above. We included an interaction term with baseline risk (on the
continuous scale) and treatment assignment in each trial separately. In the second stage, the
interactions were pooled with the random effects, restricted maximum likelihood estimation
and HKSJ approach.

We conducted sensitivity analyses using a one-stage meta-analysis using mixed-effects
models for all three outcomes with baseline risk (on the continuous scale), centred at each
trial-specific mean with two interaction terms to remove aggregation bias: 1) treatment arm
by centre-specific baseline risk in each trial and 2) treatment arm by mean baseline risk
across all participants. All one-stage models were unadjusted. Analyses were conducted
using Stata/BE 17.0 (StataCorp).

Study population

Out of 6633 participants from phase 3 studies with PAH, 14 did not receive the intervention,
leaving 6619 in the study sample (figure 1). Available data allowed for the calculation of
risk scores in 6561 (99.1%), 6613 (99.9%), 6619 (100%), 2789 (42.1%) and 3475 (52.5%)
at baseline for REVEAL 2.0, REVEAL Lite 2, COMPERA, COMPERA 2.0 and FPHR
scores, respectively. We chose to primarily present results for REVEAL 2.0 due to its strong
discrimination of risk strata in this patient cohort. Analyses using the other algorithms were
similar, unless otherwise described below.

Of the 6561 patients with a calculated REVEAL 2.0 score at baseline, 2855 (44%) were
designated as low risk, 2323 (35%) were intermediate risk and 1383 (21%) were high risk
(table 1).
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6-min walk distance

The placebo-adjusted treatment effect of ABMWD was 22.83 m (95% CI 17.52-28.14 m,
p<0.001) when adjusted for baseline REVEAL 2.0. There was no significant association
between REVEAL 2.0 score and A6MWD after adjustment for treatment assignment

(per three-point increment: —0.39 m, 95% CI —6.34-5.56 m; p=0.89) (figure 2a). On the
categorical three-tiered risk scale, there was no significant difference in AGBMWD for each
increase in risk category (2.93 m, 95% CIl -2.44-8.29 m; p=0.27) when controlling for
treatment assignment.

Despite the lack of association between the REVEAL 2.0 score or category and ABMWD,
baseline REVEAL 2.0 score modified the treatment effect on the A6GMWD. For every
three-point higher baseline REVEAL 2.0 score, there was a 12.49 m (95% ClI 5.86-19.12
m; p=0.001) greater treatment effect in terms of the A6BMWD (figures 2b and 3a). When
analysed on the categorical scale, for every increase in the baseline REVEAL 2.0 risk
category there was an 8.42 m (95% CI 0.82-16.01 m; p=0.03) greater treatment effect.
Stratifying by REVEAL 2.0 risk category, individuals who were low risk at baseline derived
a placebo-adjusted treatment effect of 15.0 m, compared to 25.7 m for intermediate-risk and
34.0 m for the high-risk groups (figure 3b). There was considerable heterogeneity present
among trials for the association of baseline REVEAL 2.0 and A6MWD (12=79.4%) (figure
2a), and low heterogeneity present for the association of baseline REVEAL 2.0 by treatment
interaction (12=24.3%) (figure 2b). Sensitivity analyses using other algorithms are shown in
supplementary table S2a. Higher risk predicted by REVEAL Lite 2, COMPERA and FPHR
showed significantly greater placebo-adjusted treatment effects; however, risk assessed by
COMPERA 2.0 did not modify the treatment effect.

Clinical worsening at 12 weeks

A total of 1257 individuals had at least one CW event (supplementary table S3). Of these
events, 523 (41.6%) occurred at or before 12 weeks. Among the CW events at 12 weeks, 175
(33.5%) occurred in the three event-driven trials (AMBITION, GRIPHON, SERAPHIN).

In all trials, participants assigned to active treatment had lower odds of CW at 12 weeks
than those receiving placebo (OR 0.50, 95% CI 0.40-0.63; p<0.001) when adjusted for
baseline REVEAL 2.0 score. Each three-point increment on the continuous scale REVEAL
2.0 score was associated with over threefold greater odds of CW at 12 weeks (OR 3.22, 95%
Cl 2.70-3.83; p<0.001) (figure 4a). Higher risk category (intermediate versuslow or high
versus intermediate) was associated with a greater than twofold odds of CW at 12 weeks
(OR 2.21, 95% CI 1.81-2.70; p<0.001).

The effect of active treatment on the odds of CW at 12 weeks was not modified by baseline
REVEAL 2.0 risk (p for interaction=0.96) (figure 4b). There was no clinically important
heterogeneity present among trials for both the association of baseline REVEAL 2.0 risk
and CW at 12 weeks (12=2.0%) (figure 4a) or the association of baseline REVEAL 2.0 risk
by treatment interaction (12=12.6%) (figure 4b). Sensitivity analyses using the remaining
algorithms revealed similar findings of increased odds of CW with higher baseline risk.
While we did not find significant effect modification of treatment effect on baseline risk
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using REVEAL Lite 2 or COMPERA 2.0, we found significant interactions with the
following scenarios: 1) baseline COMPERA risk by treatment (one-stage analysis only)
and 2) baseline FPHR risk by treatment (one- and two-stage analysis). Treatment response
was modified by COMPERA score, where a one-point increase of COMPERA score on
the continuous scale (higher risk) attenuated the odds of CW at 12 weeks by 47% (p for
interaction=0.02) with one-stage analysis. Treatment response was also modified by FPHR
score. For our two-stage analysis, every one-point increase of FPHR score on the continuous
scale (higher risk) attenuated the odds of CW at 12 weeks by 38% (p for interaction=0.03).
With one-stage analysis, every one-point increase of FPHR score on the continuous scale
attenuated the odds of CW at 12 weeks by 39% (p for interaction=0.01) (supplementary
table S2b).

Time to clinical worsening

We restricted our time-to-event analysis to AMBITION, GRIPHON and SERAPHIN.
Participants receiving active treatment had a 41% decrease in the hazard of CW compared
to those receiving placebo when adjusted for baseline REVEAL 2.0 score (HR 0.59, 95%
Cl 0.46-0.77; p<0.001). A three-point increase in the REVEAL 2.0 score on the continuous
scale was associated with more than a twofold higher risk of CW (HR 2.18, 95% CI 1.99-
2.39; p<0.001) (figure 5a). Higher risk category (intermediate versuslow or high versus
intermediate) was associated with a doubling of the risk of CW (HR 2.00, 95% CI 1.49—
2.69; p<0.001).

The association of active treatment with the time-to-CW was not modified by baseline
REVEAL 2.0 risk (p for interaction=0.99) (figure 5b). There was no clinically important
heterogeneity present among trials for the association of baseline REVEAL 2.0 and time-to-
CW (12=0.0%) (figure 5a), but substantial heterogeneity was present for the association

of baseline REVEAL 2.0 risk by treatment interaction (12=65.5%) (figure 5b). Sensitivity
analyses using the other algorithms revealed similar findings (supplementary table S2c).

Discussion

Using IPD meta-analysis across 18 RCTs in PAH, we found that individuals with higher
baseline risk as predicted by several prediction rules had higher probabilities of CW but

no difference in A6MWD when controlling for treatment assignment. However, we did
detect a significant interaction of baseline risk score and treatment assignment on AGMWD,
where participants with higher risk had a greater treatment effect compared to participants
with lower risk. This finding was consistent across all risk algorithms except COMPERA
2.0, where there was no significant risk by treatment interaction on A6MWD. We found
significant HTE on CW by baseline predicted risk using the FPHR score only; the other
prediction scores did not significantly modify the treatment effect on CW.

There are several possible explanations for the HTE on A6MWD. Patients with lower
baseline 6MWD and greater severity of illness may derive greater benefit from drug
intervention. A similar effect has been demonstrated in other disease processes whereby
sicker individuals derive greater benefit from treatments as compared to healthier individuals
[33]. Conversely, a “ceiling effect” of response to therapy for individuals with higher
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baseline 6MWD raises concern for masking treatment effect, which has resulted in the
exclusion of “healthier” individuals from PAH RCTs (baseline 6MWD >450 m) [34]. We
demonstrated the ceiling effect phenomenon exists in this PAH RCT cohort, where lower
risk patients with higher baseline 6MWD derived a smaller treatment effect compared to
higher risk patients with lower baseline 6MWD. These traits are likely shared among many
human diseases rather than a specific phenomenon in PAH.

We did not detect significant risk by treatment interactions on CW across the majority of
risk-prediction models. This suggests that patients at all strata of predicted risk of death at

1 year gain similar treatment benefit in terms of CW. This finding was consistent across all
risk algorithms except for when using the COMPERA risk score (one-stage analysis) and the
FPHR risk score. In these three instances, higher baseline risk conferred a greater treatment
benefit. However, this HTE may be misleading because several studies lacked the invasive
haemodynamic data required for calculation of the FPHR score.

The discrepancy of findings of HTE in terms of ABMWD and CW may seem surprising.
While A6BMWD was used as a clinical end-point in PAH trials that led to US FDA approval
of several pulmonary vasodilators, its performance as a surrogate for CW events and
survival is questionable [35]. Prior studies demonstrated no correlation between AGMWD
and survival benefit or incidence of clinical events, suggesting there may be a disconnect
between the 6MWD as a functional, clinically pertinent end-point and other end-points
that reflect short- or long-term disease progression and morbidity [36, 37]. The clinical
prediction rules used in this study were all focused on survival at 1 year; risk stratification
to identify treatment heterogeneity may require different prediction rules predicated on
long-term outcomes.

Furthermore, although we did detect a significant treatment by risk interaction for baseline
risk score and treatment assignment on A6MWD, the clinical significance of this finding is
unknown. The effect on 6MWD resulting from the interaction was smaller than the minimal
clinically important difference. The minimal clinically important difference for mean group
differences for 6MWD as derived and validated using anchoring to the Medical Outcomes
Short Form Physical Component Score was 24 m [38]. Because the additional improvement
in A6MWD for patients with higher risk is relatively small, the clinical implications remain
unclear.

Despite the lack of a significant baseline risk by treatment interaction for CW, patients with
more symptoms and greater risk of adverse outcomes likely require more aggressive therapy
or treatment escalation if they do not adequately respond.

To our knowledge, this is the first study exploring the heterogeneity of treatment effects

by predicted risk of mortality in PAH using a large IPD meta-analysis across 18 RCTSs.

We also examined interactions using two widely used primary outcomes in PAH, AGMWD
and CW, and performed both time-to-event analysis and logistic regression for CW. We
further performed analyses using several externally validated risk algorithms and a one-stage
meta-analytic approach that demonstrated consistent findings.
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Out study is not without limitations. First, our analysis only included trials that were
submitted to the US FDA for drug approval and did not include other negative or
unpublished studies. Many studies did not collect brain natriuretic peptide levels at baseline,
which precluded the calculation of COMPERA 2.0 for many participants. Furthermore, our
analysis treated all active treatment drug classes and doses as a single active treatment arm.
We did not stratify our analysis by drug class or doses, which would reduce sample sizes. It
is also possible that different drug classes may have different treatment effect heterogeneity,
but our study is not powered to detect treatment class-specific interactions. Although our
study used a large IPD cohort, clinically important interactions may not have been detected
due to type Il error. Certain components of our two-stage analyses resulted in a high degree
of heterogeneity between studies, and thus the pooling of these studies should be interpreted
with caution. For time-to-event analysis, we only had access to three RCTs with long-term
follow-up. The 12-week duration of most trials may be too short to detect meaningful CW
outcomes. In addition, the patient populations may have differed across studies. Although
the diagnosis of PAH was required, there was variable time between the documented time
of diagnosis and randomisation visits. Furthermore, some studies allowed for the use of
background therapy, but earlier studies excluded patients on concomitant treatment.

In conclusion, we found that baseline risk predicted CW in our IPD RCT population in
PAH. Participants in these RCTs across all risk levels received a similar relative benefit to
active therapy in terms of CW events. Individuals with higher baseline risk derived a greater
placebo-adjusted treatment effect for ABMWND. This study demonstrates that predicted risk
has a differential treatment response by outcome in PAH. Treatment heterogeneity should be
considered based on the clinical outcome studied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PAH trials supplied by the
FDA (n=28)

Phase 2 studies (n=2)

Open label extension and
phase 4 studies (n=7)

Phase 3 studies (n=19)
Study participants (n=6952)

CTEPH patients (n=319)

A

PAH participants (n=6633)

Randomised but did not
receive intervention (n=14)

y

PAH participants (n=6619)

REVEAL 2.0: 6561 (total): 2855 (low risk); 2323 (intermediate risk); 1383 (high risk)
REVEAL Lite 2: 6613 (total): 1789 (low risk); 2946 (intermediate risk); 1878 (high risk)
COMPERA: 6619 (total): 1150 (low risk); 5108 (intermediate risk); 361 (high risk)
COMPERA 2: 2789 (total): 475 (low risk); 1224 (intermediate-low risk); 1042 (intermediate-high risk); 48 (high risk)
FPHR: 3475 (total): 510 (low risk); 2084 (intermediate risk); 881 (high risk)

FIGURE 1.
Patient inclusion flowchart. PAH: pulmonary arterial hypertension; FDA: US Food and

Drug Administration; CTEPH: chronic thromboembolic pulmonary hypertension; REVEAL
2.0: US Registry to Evaluate Early and Long-Term PAH Disease Management; REVEAL
Lite 2.0: abridged version of REVEAL 2.0; COMPERA: Comparative, Prospective Registry
of Newly Initiated Therapies for Pulmonary Hypertension; COMPERA 2.0: modified four-
strata model of COMPERA,; FPHR: French Pulmonary Hypertension Registry.

Eur Respir J. Author manuscript; available in PMC 2024 July 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pan et al.

Page 13
a)
Effect Weight
Study (95% Cl) (%)
AIR: OLSCHEWSKI et al. 2002 [19] 31.02 (1.33-60.72) 2.41
BREATHE-1: RUBIN et al. 2002 [21] -28.26 (-59.10-2.57) 2.28
SIMONNEAU et al. 2002 [23] ——— 14.76 (1.24-28.27) 5.71
STRIDE-1: BARST et al. 2004 [11] —_— 7.73 (-10.15-25.61) 4.50
SUPER: GALIE et al. 2005 [14] —— -10.96 (-24.01-2.09) 5.85
STRIDE-2: BARST et al. 2006 [10] —_— -2.25(-19.63-15.13) 4.63
ARIES-1: GALIE et al. 2008 [15] —e—— 12.95 (0.04-25.86) 5.89
ARIES-2: GALIE et al. 2008 [15] —— -2.88(-16.21-10.44) 5.76
PHIRST: GALIE et al. 2008 [13] —_— -0.42 (-12.74-11.91) 6.07
TRIUMPH: MCLAUGHLIN et al. 2010 [18] —_—— -12.10(-28.08-3.89) 5.00
STRIDE-4: SANDOVAL et al. 2012 [22] 1.88 (-25.17-28.93) 2.75
FREEDOM-C: TAPSON et al. 2012 [25] — -3.82(-16.97-9.33) 5.82
PATENT-1: GHOFRANI et al. 2013 [16] —— -2.55 (-8.71-3.62) 7.95
FREEDOM-M: JING et al. 2013 [17] — 10.81 (-6.86-28.47) 4.55
SERAPHIN: PuLIDO et al. 2013 [20] —— 8.42 (-0.56-17.40) 7.12
FREEDOM-C2: TAPSON et al. 2013 [26] e -16.83 (-24.99--7.76) 7.24
AMBITION: GALIE et al. 2015 [12] —— 8.88 (3.44-14.33) 8.14
GRIPHON: SITBON et al. 2015 [24] —— -13.94 (-18.52--9.36) 8.34
Overall, REML+HKSJ (12=79.4%, p=0.000) < -0.39 (-6.34-5.56) 100.00
T 1
-50 0 50
b)
Interaction effect Weight
Study (95% CI) (%)
AIR: OLSCHEWSKI et al. 2002 [19] : 59.96 (1.04-118.88) 0.92
BREATHE-1: RUBIN et al. 2002 [19] - - 39.12 (-33.46-111.69) 0.61
SIMONNEAU et al. 2002 [23] ——— 29.46 (2.35-56.56) 4.03
STRIDE-1: BARST et al. 2004 [11] 4 30.40 (-7.91-68.71) 2.12
SUPER: GALIE et al. 2005 [14] — 17.04 (-10.86-44.94) 3.83
STRIDE-2: BARST et al. 2006 [10] —_—— -29.40 (-71.55-12.75) 1.76
ARIES-1: GALIE et al. 2008 [15] 4+ 20.87 (-6.87-48.61) 3.87
ARIES-2: GALIE et al. 2008 [15] — 11— 8.06 (-22.34-38.45) 3.27
PHIRST: GALIE et al. 2008 [13] _ 1.05 (-29.57-31.68) 3.23
TRIUMPH: MCLAUGHLIN et al. 2010 [18] —_— 42.58 (10.95-74.21) 3.04
STRIDE-4: SANDOVAL et al. 2012 [22] - : -23.51 (-77.69-30.67) 1.09
FREEDOM-C: TAPSON et al. 2012 [25] T 20.92 (-5.45-47.28) 4.24
PATENT-1: GHOFRANI et al. 2013 [16] —— 16.57 (2.58-30.56) 12.06
FREEDOM-M: JING et al. 2013 [17] B — 6.36 (-31.40-44.13) 2.18
SERAPHIN: PuLIDO et al. 2013 [20] —L 22.77 (4.02-41.52) 7.66
FREEDOM-C2: TAPSON et al. 2013 [26] & -1.96 (-19.24-15.32) 8.74
AMBITION: GALIE et al. 2015 [12] —— 11.56 (0.70-22.41) 16.91
GRIPHON: SITBON et al. 2015 [24] =l 5.09 (-4.10-14.27) 20.45
|
Overall, REML+HKSJ (12=24.3%, p=0.168) © 12.49 (5.86-19.12) 100.00
r T 1
-100 0 100

FIGURE 2.

a) Forest plot of association of baseline REVEAL 2.0 risk (on continuous scale, per three-
point increment) with change in 6-min walk distance (6MWD) from baseline to end of
follow-up. b) Forest plot of the baseline REVEAL 2.0 (on continuous scale, per three-point
increment) by treatment interaction terms and change in 6MWD from baseline to end of
follow-up. Weights are from random-effects model. REVEAL 2.0: US Registry to Evaluate
Early and Long-Term PAH Disease Management; REML.: restricted maximum likelihood;
HKSJ: Hartung, Knapp, Sidik, Jonkman approach.
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FIGURE 3.

a) Interaction between baseline REVEAL 2.0 risk by treatment on change in 6-min walk
distance (6MWD). b) Pre- and post-treatment 6MWD stratified by baseline REVEAL
2.0 risk. REVEAL 2.0: US Registry to Evaluate Early and Long-Term PAH Disease
Management.
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a)
OR Weight
Study (95% CI) (%)
AIR: OLSCHEWSKI et al. 2002 [19] T 2.15(0.90-5.16) 3.64
BREATHE-1: RUBIN et al. 2002 [21] ————— 3.19(1.01-10.07) 2.17
SIMONNEAU et al. 2002 [23] — 2.99 (1.46-6.12) 5.24
STRIDE-1: BARST et al. 2004 [11] : o 20.73 (2.30-187.06) 0.61
SUPER: GALIE et al. 2005 [14] — 5.91(2.46-14.17) 3.64
STRIDE-2: BARST et al. 2006 [10] T 2.12(0.77-5.81) 2.80
ARIES-1: GALIE et al. 2008 [15] —— 2.99 (1.40-6.37) 4.74
ARIES-2: GALIE et al. 2008 [15] _—— 5.05 (2.40-10.64) 4.88
PHIRST: GALIE et al. 2008 [13] — 3.03(1.39-6.61) 4.49
TRIUMPH: MCLAUGHLIN et al. 2010 [18] —0— 3.50(0.95-12.93) 1.70
STRIDE-4: SANDOVAL et al. 2012 [22] —_— 2.00(0.29-13.97) 0.78
FREEDOM-C: TAPSON et al. 2012 [25] — 3.01(1.35-6.70) 4.30
PATENT-1: GHOFRANI et al. 2013 [16] ——— 2.87 (1.69-4.90) 8.69
FREEDOM-M: JING et al. 2013 [17] —— 5.71(2.76-11.83) 5.09
SERAPHIN: PuLipo et al. 2013 [20] + 2.39(1.46-3.91) 9.90
FREEDOM-C2: TAPSON et al. 2013 [26] —— 4.86 (2.39-9.87) 533
AMBITION: GALIE et al. 2015 [12] — 2.18(1.45-3.28) 1319
GRIPHON: SiTBON et al. 2015 [24] == 3.69 (2.69-5.05) 18.80
I
Overall, REML+HKSJ (12=2.0%, p=0.431) Q 3.22(2.70-3.83) 100.00
r 1
0.03 1 100
b)
Interaction OR Weight
Study (95% Cl) (%)
AIR: OLSCHEWSKI et al. 2002 [19] - 4.57 (0.71-29.60) 3.70
BREATHE-1: RuBIN et al. 2002 [21] T S Zmm—— 2.49 (0.23-27.30) 2.36
SIMONNEAU et al. 2002 [23] —_—— 0.41(0.09-1.82) 5.44
STRIDE-1: BARsT et al. 2004 [11] <+ 0.03 (0.00-4.19) 0.58
SUPER: GALIE et al. 2005 [14] — o 0.62 (0.10-3.78) 3.95
STRIDE-2: BARST et al. 2006 [10] —_— 3.70(0.47-29.30) 3.08
ARIES-1: GALIE et al. 2008 [15] [ S 0.92(0.20-4.22) 5.29
ARIES-2: GALIE et al. 2008 [15] — e 0.75 (0.16-3.46) 5.26
PHIRST: GALIE et al. 2008 [13] —— 0.61(0.11-3.30) 4.44
TRIUMPH: MCLAUGHLIN et al. 2010 [18] * 0.53(0.03-8.26) 1.83
STRIDE-4: SANDOVAL et al. 2012 [22] * 2.47 (0.04-162.97) 0.81
FREEDOM-C: TAPSON et al. 2012 [25] — 0.22 (0.04-1.22) 431
PATENT-1: GHOFRANI et al. 2013 [16] —— 1.77 (0.61-5.16) 9.17
FREEDOM-M: JING et al. 2013 [17] —_—— 1.70(0.38-7.65) 5.39
SERAPHIN: PuLipo et al. 2013 [20] —— 1.13(0.42-3.02) 10.28
FREEDOM-C2: TAPSON et al. 2013 [26] —ss 0.99 (0.24-4.08) 5.93
AMBITION: GALIE et al. 2015 [12] 0.44(0.19-1.02) 12.70
GRIPHON: SITBON et al. 2015 [24] F Y 1.69 (0.83-3.42) 15.49
Overall, REML+HKSJ (12=12.6%, p=0.303) + 0.99 (0.67-1.46) 100.00
0.005 1 100
FIGURE 4.

a) Forest plot of association of baseline REVEAL 2.0 risk (on continuous scale, per three-
point increment) with odds of clinical worsening at 12 weeks. b) Forest plot of the baseline

REVEAL 2.0 (on continuous scale, per three-point increment) by treatment interaction

terms and odds of clinical worsening at 12 weeks. Weights are from random-effects model.

REVEAL 2.0: US Registry to Evaluate Early and Long-Term PAH Disease Management.
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a)
HR Weight
Study (95% Cl) (%)
SERAPHIN: PuLIDO et al. 2013 [20] 2.24(1.84-2.72) 22.00
AMBITION: GALIE et al. 2015 [12] 1.97 (1.62-2.39) 21.77
GRIPHON: SITBON et al. 2015 [24] —_— 2.24(1.98-2.53) 56.23
Overall, REML (12=0.0%, p=0.519) 2.18 (1.99-2.39) 100.00
r
0.25 1

b)

Interaction HR Weight
Study (95% ClI) (%)
SERAPHIN: PULIDO et al. 2013 [20] 0.83 (0.56-1.24) 29.97
AMBITION: GALIE et al. 2015 [12] . 0.83 (0.55-1.25) 29.36
GRIPHON: SITBON et al. 2015 [24] . 1.32(1.03-1.70) 40.68

I —
Overall, REML (12=65.5%, p=0.555) T 1.00 (0.72-1.40) 100.00
r T
0.5 1

FIGURE 5.

a) Forest plot of association of baseline REVEAL 2.0 risk (on continuous scale, per three-
point increment) with time to clinical worsening. b) Forest plot of the baseline REVEAL 2.0
risk (on continuous scale, per three-point increment) by treatment interaction terms and time
to clinical worsening. Weights are from random-effects model. REVEAL 2.0: US Registry

to Evaluate Early and Long-Term PAH Disease Management.
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TABLE 1
Baseline characteristics of study participants, stratified by REVEAL 2.0 risk category
Participants Total Lowrisk  Intermediate risk High risk p-value
with available
data? (n)
Participants, N 6561 2855 2323 1383
Age, years 49.2+15.4 45.9+14.6 49.6+15.3 55.5£15.2 <0.001
Sex <0.001
Female 5143 (78.4) 2263 (79.3) 1899 (81.7) 981 (70.9)
Male 1418 (21.6) 592 (20.7) 424 (18.3) 402 (29.1)
Race <0.001
American Indian or Alaskan Native 53 (0.8) 36 (1.3) 13 (0.6) 4(0.3)
Asian 951 (14.5) 459 (16.1) 323 (13.9) 169 (12.2)
Black or African American 261 (4.0) 112 (3.9) 99 (4.3) 50 (3.6)
Other 53 (0.8) 27 (0.9) 17 (0.7) 9(0.7)
Unknown 726 (11.1) 315 (11.0) 296 (12.7) 115 (8.3)
White 4517 (68.8) 1906 (66.8) 1575 (67.8) 1036 (74.9)
Ethnicity <0.001
Hispanic or Latino 686 (10.5) 350 (12.3) 236 (10.2) 100 (7.2)
Not Hispanic or Latino 5641 (86.0) 2448 (85.7) 1959 (84.3) 1234 (89.2)
Unknown 234 (3.6) 57 (2.0) 128 (5.5) 49 (3.5)
PAH aetiology <0.001
Connective tissue disease 1755 (27.0) 474 (16.7) 678 (29.4) 603 (44.3)
Congenital heart disease 511 (7.9) 313(11.1) 164 (7.1) 34 (2.5)
Drug and toxin-induced 118 (1.8) 63 (2.2) 45 (2.0) 10 (0.7)
HIV associated 65 (1.0) 43 (1.5) 19 (0.8) 3(0.2)
Heritable 70 (1.1) 15 (0.5) 24 (1.0) 31(2.3)
Idiopathic 3042 (60.7) 1909 (67.5) 1364 (59.1) 669 (49.2)
Other 36 (0.6) 13 (0.5) 13 (0.6) 10 (0.7)
Body mass index, kg:m =2 26.9+6.4 27.0+6.3 26.8+6.6 26.8+6.0 0.36
6MWD, m 347.2+83.7 391.4+62.0 333.3£75.4 279.2+82.6 <0.001
WHO functional class <0.001
1 47 (0.7) 44 (1.5) 2(0.1) 1(0.1)
1l 2210(33.7) 1625 (56.9) 481 (20.7) 104 (7.5)
1l 4098 (62.5) 1182 (41.4) 1776 (76.5) 1140 (82.5)
\% 203 (3.1) 4(0.1) 62 (2.7) 137 (9.9)
Laboratory data
BNP, pg-mL~t 360 262.5+345.8 96.6+124.5 272.24249.0 578.7+492.7 <0.001
NT-proBNP, pg-mL~1 2431 1304.5+2075.5 282.7+284.5 1315.3+1244.7 2832.8+2987.0  <0.001
eGFR, mL-min~t 6372 87.7425.1 96.6+21.3 84.9+24.7 73.8+25.8 <0.001
Haemodynamic data
Right atrial pressure, mmHg 4374 8.6+5.3 7.4+45 9.0+5.5 10.7+6.1 <0.001
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Participants Total Low risk Intermediate risk High risk p-value'"
with available
data? (n)
mr'r\]"ﬁg” pulmonary arterial pressure, 4696 52.6£15.5 51.0+16.6 54.2+15.3 53.6+13.2 <0.001
Pulmonary capillary wedge
pressure, mmHg 4510 9.2+3.5 9.3+3.5 9.2+3.5 9.1+3.5 0.24
Cardiac index, L-min~l.m=2 3838 2.4+0.8 2.6+0.8 2.3+0.7 2.2+0.7 <0.001
Pulmonary vascular resistance,
Wood units 4565 11.747.0 10.5+6.7 12.5+7.1 13.0£7.0 <0.001
Treatment arm <0.001
Placebo 2629 (40.1) 1091 (38.2) 926 (39.9) 612 (44.3)
Active treatment 3932 (59.9) 1764 (61.8) 1397 (60.1) 771 (55.7)

Data are presented as n (%) or mean+SD, unless otherwise indicated. REVEAL 2.0: US Registry to Evaluate Early and Long-Term PAH Disease
Management; PAH: pulmonary arterial hypertension; 6MWD: 6-min walk distance; WHO: World Health Organization; BNP: brain natriuretic
peptide; NT-proBNP: N-terminal pro-brain natriuretic peptide; eGFR: estimated glomerular filtration rate.

for laboratory and haemodynamic data;

”"determined from ANOVA or Chi-square test, as appropriate.
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