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Abstract

Background: Despite standard combination therapy with endothelin receptor antagonists (ERAs) and phosphodiesterase-5 inhibitors
(PDES5is), many patients with pulmonary arterial hypertension (PAH) show inadequate therapeutic responses. Riociguat (a soluble
guanylate cyclase stimulator) and selexipag (a prostacyclin receptor agonist) are both approved as next-step therapies; however, their
comparative effectiveness and safety remain unknown due to the lack of head-to-head trials. We aimed to compare the therapeutic
effects of riociguat replacement and selexipag add-on therapy through an indirect treatment comparison. Methods: Randomized con-
trolled trials (RCTs) involving patients with PAH receiving either riociguat or selexipag were identified through a systematic search
of PubMed, EMBASE, and the Cochrane Library up to 04 November 2025. This systematic review adhered to the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses guideline. Study quality was assessed with Cochrane’s Risk of Bias 2.0 tool.
Indirect treatment comparisons using Bucher’s method were conducted within a common comparator (ERA + PDESi) framework. Re-
sults: Three RCTs (four publications) were included: REPLACE, GRIPHON (main and post-hoc analyses), and a phase II trial. The
overall risk of bias was low, except for the phase II trial, which had unclear risk due to its small sample size. Indirect comparisons
showed no significant differences between the therapies for any outcome. The hazard ratio for clinical worsening was 0.167 (95%
confidence interval [CI]: 0.0019-1.495, p = 0.1066). Mean differences for 6-min walk distance and N-terminal pro—B-type natriuretic
peptide were 10.64 m (95% CI: —9.158 to 30.438, p = 0.2920) and —46.62 pg/mL (95% CI: —307.826 to 214.586, p = 0.7263). The
relative risk of overall adverse events was 1.07 (95% CI: 0.90-1.27, p = 0.453). Subgroup analyses of patients receiving baseline ERA
+ PDES5i therapy and those classified as World Health Organization functional class III also showed no significant differences. Con-
clusions: We found no significant differences between riociguat replacement and selexipag add-on therapy. These findings provide
comparative data to help clinicians and patients make informed treatment decisions. Further head-to-head trials are needed to confirm
comparative effectiveness. This review adhered to PRISMA 2020 guidelines. The PROSPERO Registration: CRD42024524391
https://www.crd.york.ac.uk/PROSPERO/view/CRD42024524391.
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1. Introduction hereditary PAH, drug- and toxin-induced PAH, disease-
associated PAH, and PAH in patients with a long-term re-
sponse to calcium channel blockers. PAH leads to right ven-
tricular dysfunction, resulting in symptoms such as dyspnea
and decreased exercise capacity. It is a life-threatening con-

dition with increased mortality if not treated effectively [2].

Pulmonary hypertension (PH) is defined as a mean
pulmonary arterial pressure (mPAP) >20 mmHg at rest,
measured by right heart catheterization. Clinically, PH is
classified into five groups based on pathophysiology and

treatment strategy [1] The 2022 European Society of Cardiology/European

Group 1, or pulmonary arterial hypertension (PAH),
is defined as pre-capillary PH that meets specific hemody-
namic criteria and occurs in the absence of significant lung
or thromboembolic disease. PAH include idiopathic PAH,

Respiratory Society (ESC/ERS) guidelines lowered the di-
agnostic threshold for pulmonary hypertension from mPAP
>25 mmHg, as defined in the 2015 ESC/ERS guidelines,
to >20 mmHg and refined risk stratification from a three-
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tier to a four-tier model, allowing more granular assessment
of parameters such as 6-minute walk distance (6MWD),
World Health Organization functional class (WHO FC), and
N-terminal pro—B-type natriuretic peptide (NT-proBNP) to
guide treatment intensity [1,3].

In South Korea, the 2020 Korean Society of Cardiol-
ogy/Korean Academy of Tuberculosis and Respiratory Dis-
eases (KSC/KATRD) pulmonary hypertension guideline is
being updated to align with the 2022 ESC/ERS recommen-
dations, emphasizing earlier detection and individualized
escalation of PAH therapy within both international and do-
mestic practice frameworks [4,5].

PAH pharmacotherapy recommended in the 2022
ESC/ERS guidelines and the 2020 Korean PH guideline
targets three main pathways: endothelin receptor antago-
nists (ERAs), the nitric oxide—cyclic guanosine monophos-
phate axis (phosphodiesterase-5 inhibitors [PDES5i] and sol-
uble guanylate cyclase [sGC] stimulators), and prostacyclin
(PC) signaling. These agents are used alone or in combina-
tion to promote vasodilation and inhibit vascular remodel-
ing. The 2022 ESC/ERS guidelines recommend initial oral
combination therapy with ERA + PDES5i for most low- to
intermediate-risk patients, with consideration of rapid esca-
lation to triple therapy in higher-risk groups [1].

Despite optimized ERA + PDESi combination ther-
apy, a substantial proportion of patients remain symp-
tomatic or at intermediate—high risk, prompting consider-
ation of additional pathway modulation.

Riociguat, an sGC stimulator, enhances cyclic guano-
sine monophosphate production and has demonstrated ef-
ficacy in patients with WHO FC II-III PAH and chronic
thromboembolic pulmonary hypertension (CTEPH) [6],
whereas selexipag, an oral IP prostacyclin receptor agonist,
selectively augments prostacyclin signaling and is approved
for WHO FC II-1II PAH as mono- or combination ther-
apy with ERA and/or PDESi [7]. In clinical practice, these
agents are often positioned differently in the treatment al-
gorithm for patients already receiving ERA + PDESi. Ri-
ociguat is typically considered as a “replacement” strategy
for PDESi non-responders, providing mechanistic substitu-
tion within the NO-sGC—cGMP pathway, whereas selexi-
pag is used as an “add-on” to expand pathway coverage by
activating the prostacyclin axis in partial responders. Thus,
clinicians face a real-world decision: in a patient on ERA
+ PDESi who remains inadequately controlled, should they
switch from PDESi to riociguat (replacement) or add se-
lexipag on top of ERA + PDES5i (add-on), recognizing that
these approaches differ in pathophysiology, pill burden, tol-
erability, and health system implications [4,8].

The Korean Health Insurance system covers ERA
drugs (ambrisentan, bosentan, and macitentan), PDES5is
(sildenafil), and PCs (selexipag, treprostinil, and iloprost)
for PAH treatment. Coverage begins with monotherapy and
advances to dual therapy if treatment goals are not met, fol-

lowed by triple therapy when necessary. Of the oral PCs,
only selexipag is reimbursed [9]. Thus, introducing rio-
ciguat as an alternative pathway-targeted agent for patients
treated with PDESi + ERA is needed, which requires a com-
parative analysis of the efficacy and safety of riociguat re-
placement versus selexipag add-on therapy.

Comparing riociguat replacement and selexipag add-
on therapies is essential to optimize therapeutic strategies
for patients with PAH receiving PDESi + ERA combina-
tion therapy. Randomized controlled trials (RCTs) have
demonstrated the efficacy and safety of each drug indepen-
dently; however, direct comparative studies are lacking. In
this study, we aimed to address this gap by conducting an
indirect comparison through a systematic review and meta-
analysis, providing clinical evidence to guide optimal treat-
ment strategies and support future updates to Korean guide-
lines.

2. Literature Review

We conducted an indirect treatment comparison (ITC)
analysis through a systematic literature review and meta-
analysis of RCTs to evaluate the efficacy of riociguat re-
placement versus selexipag add-on therapy in patients with
PAH receiving PDESi + ERA combination therapy. This
analysis followed the recommendations of the Cochrane
Handbook and Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA 2020) guidelines
(Supplementary Table 1). The systematic review proto-
col was registered in the International Prospective Register
of Systematic Reviews (PROSPERO; CRD42024524391).

2.1 Systematic Literature Review and Meta-analysis

2.1.1 Literature Search

A literature search was conducted on 04 Novem-
ber 2025, using the PubMed, EMBASE, and Cochrane
Library databases. The search followed a Partici-
pants/Intervention/Comparator/Outcome (PICO) strategy
to identify relevant RCTs evaluating riociguat replacement
or selexipag add-on therapy. The PICO/study design cri-
teria were defined as follows: Participants (P): adult pa-
tients with PAH receiving baseline ERA + PDESi combi-
nation therapy; Intervention (I): riociguat replacement ther-
apy (switching PDES5i to riociguat in the existing ERA +
PDES5i regimen) or selexipag add-on therapy (adding se-
lexipag to existing ERA + PDESi therapy); Comparator
(C): placebo or comparator within the common compara-
tor framework of ERA + PDES5i + placebo; Outcome (O):
composite endpoint of clinical worsening (improvement or
worsening), changes in 6 MWD, NT-proBNP, improvement
in WHO FC, and safety endpoints (overall and serious ad-
verse event rates); Study Design (S): RCTs only (Table 1).

The composite endpoint was defined as the time to
first morbidity or mortality event, including disease pro-
gression, PAH worsening resulting in hospitalization, ini-

&% IMR Press


https://www.imrpress.com

Table 1. PICO strategy.

Placebo or comparator within the common comparator framework of ERA + PDES5i + placebo

Details
Patients Patients with pulmonary arterial hypertension receiving ERA + PDESi
. Riociguat replacement therapy (Riociguat + ERA)
Interventions ) . .
Selexipag add-on therapy (Selexipag + ERA + PDES51i)
Comparators
(1) Composite endpoint of clinical worsening
(2) 6-min walking distance
Outcomes (3) N-terminal prohormone of brain natriuretic peptide
(4) WHO functional level
(5) Safety: overall adverse events, serious adverse event
Study Design ~ Randomized controlled trial

tiation of parenteral prostanoid therapy or long-term oxy-
gen therapy, need for lung transplantation or balloon atrial
septostomy, or death from any cause.

Search terms included “pulmonary arterial hyperten-
sion” OR “PAH” AND (“riociguat” OR “selexipag”) AND
“randomized controlled trial”, using appropriate Medi-
cal Subject Headings or Emtree terms for each database
(Supplementary Table 2).

2.1.2 Study Selection

The inclusion criteria were: (1) RCTs involving pa-
tients with PAH receiving either riociguat or selexipag; (2)
presence of a comparator (placebo or active comparator);
and (3) evaluation of clinical efficacy (proportion of pa-
tients experiencing clinical events, 6 MWD changes, NT-
proBNP, or WHO FC improvement) or safety (overall and
serious adverse events). Studies that did not meet these
criteria were excluded. All members of the study team
participated in the initial (abstract and title) and secondary
(full-text) review, with two independent reviewers assigned
per article, and any disagreements were resolved through
discussion among the full team. EndNote 20 (Clarivate
Analytics, Philadelphia, PA, USA) and Covidence soft-
ware (Veritas Health Innovation, Melbourne, VIC, Aus-
tralia) were used in this study.

2.1.3 Data Extraction

Data were primarily extracted by one reviewer and
verified by a second reviewer, with all study team mem-
bers participating in this process. Extracted data included
basic study information (authors, publication year, trial
name, and journal), study design (randomization, blind-
ing, and follow-up duration), patient characteristics (age,
sex, PAH etiology/severity, baseline therapies, WHO FC,
6MWD, and NT-proBNP), intervention and comparator de-
tails (dosage and administration period), efficacy outcomes
(6MWD, clinical event rates, NT-proBNP, and WHO FC)
and safety outcomes (overall and serious adverse events).
Meta-analyses using a random-effects model were per-
formed for outcomes reported in two or more studies us-
ing Review Manager 5.4. (The Cochrane Collaboration,
Copenhagen, Denmark) and the Indirect Treatment Com-
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parison software (version 1.0; Canadian Agency for Drugs
and Technologies in Health, Ottawa, ON, Canada) was
used to produce estimates of the relative clinical utility ef-
fect through indirect comparison. In addition, forest plots
were generated to visually summarize relative treatment ef-
fects and 95% Cls for the primary and secondary outcomes
(clinical worsening, 6MWD, NT-proBNP, WHO FC im-
provement, and adverse events) using Python (version 3.9;
Python Software Foundation, Wilmington, DE, USA).

2.1.4 Quality Assessment

Study quality was assessed using the Cochrane Risk
of Bias 2.0 tool (RoB 2; The Cochrane Collaboration, Lon-
don, UK), evaluating random sequence generation, alloca-
tion concealment, blinding of participant and investigators,
outcome assessor blinding, attrition bias, and selective re-
porting bias. Two reviewers independently assessed the risk
of bias for each study, with discrepancies resolved by con-
sensus with a third reviewer. Similarity in patient popula-
tions and study design among the selected trials for indirect
comparison was confirmed (Supplementary Table 3, Sup-
plementary Fig. 1).

2.2 Indirect Comparison

Qualitative comparisons of extracted outcomes from
selected studies were summarized in tables and narratives.
Indirect comparative analyses were then performed based
on the similarity of outcome measures across studies.

Indirect comparison used RCT-reported outcomes
comparing ‘ERA + PDES5i vs. ERA + riociguat’ and ‘ERA
+ PDESi vs. ERA + PDESi + selexipag’, with ‘ERA +
PDESi + placebo’ as a common comparator group. The
primary outcome was the composite endpoint of clinical
worsening, while the secondary outcomes were changes in
6MWD, NT-proBNP, WHO FC improvement, and overall
and serious adverse events. Clinical worsening was com-
pared using hazard ratios (HRs). The GRIPHON study
had a longer follow-up of 36 months for clinical worsen-
ing compared with the 24-week follow-up in the REPLACE
study, indirect comparison was considered feasible. The
GRIPHON study estimated HRs using a proportional haz-
ards model, which assumes that the HR remains constant
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Fig. 1. PRISMA flowcharts for selexipag (A), PRISMA flowchart of riociguat (B). PRISMA, Preferred Reporting Items for System-

atic Reviews and Meta-Analyses.

over time. Under this assumption, the HR at 36 months is
considered equivalent to the HR at 6 months, allowing a
valid comparison despite differences in follow-up duration.

Continuous variables, such as changes in 6 MWD and
NT-proBNP from baseline at 6 months, were evaluated by
mean differences (MDs) and categorical variables (WHO
FC improvement and adverse event rates) by risk ratios
(RRs). The null hypothesis assumed no difference between
riociguat replacement and selexipag add-on therapy, and
the alternative hypothesis proposed a significant difference,
with a two-sided significance level of 5%.

The primary analysis included all selected RCTs, with
sensitivity analyses conducted to assess the robustness of
the indirect comparison. First, because the phase II selexi-
pag trial by Simonneau (2012) had a very small sample size
[10], markedly higher NT-proBNP levels, and a different
assessment time point (week 17), it was included in the pri-
mary analysis but excluded in sensitivity analyses, in which
a 1:1 indirect comparison was repeated using only RE-
PLACE and GRIPHON. Second, to minimize differences
in baseline risk and background therapy, anchored Bucher
indirect comparisons were additionally performed as a sen-
sitivity analysis using GRIPHON patients selected to match
the baseline characteristics of REPLACE patients, includ-
ing those receiving ERA + PDES5i at baseline and, within
this population, those classified as WHO FC III. Potential
issues of homogeneity and exchangeability were assessed
by comparing individual patient characteristics across stud-
ies. ITCs were conducted using the Canadian Agency for
Drugs and Technologies in Health (CADTH) ITC software,
which applies anchored indirect comparisons based on the
Bucher method [11].

3. Results

3.1 Systematic Review
For selexipag add-on therapy in patients with PAH

receiving background PDESi + ERA, 180 articles from
PubMed, 165 from the Cochrane Central Library, and 428
from EMBASE were identified. After removing duplicates,
606 articles were screened, and six candidate studies under-
went full-text review. The TRACE studies (Howard et al.,
2023 [12]; Rehman et al., 2025 [13]) were excluded from
the final indirect comparison because their inclusion cri-
teria allowed patients receiving soluble guanylate cyclase
(sGC) stimulators as part of combination therapy. Conse-
quently, clinical outcomes in these trials may have reflected
the therapeutic effects of riociguat, introducing confound-
ing. Ultimately, three selexipag studies were retained for
indirect comparison: the GRIPHON phase III trial [14,15]
and a phase II trial [10].

For riociguat replacement therapy in patients with
PAH on PDES5i + ERA combination, 299 articles from
PubMed, 283 from the Cochrane Library, and 797 from
EMBASE were identified. After removing duplicates, 1120
articles were screened, and two RCTs were considered po-
tentially relevant. Both Benza et al. (2024) [16] riociguat
and Benza et al. (2024) [17] selexipag stratified patients ac-
cording to the REVEAL Lite 2 risk score; however, because
they evaluated different outcome measures, they could not
be incorporated into the Bucher-type indirect comparison.
Similarly, the Channick et al. (2025) [18] analysis reported
age-stratified outcomes in the overall GRIPHON popula-
tion, but age-specific data were not available from RE-
PLACE, precluding further anchored indirect comparison.
Consequently, only the REPLACE phase I11 trial [ 1] was in-
cluded as the riociguat anchor study in the final ITC frame-
work (Fig. 1).
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Table 2. Baseline characteristics of participants in candidate clinical trials for indirect comparisons.

Trial (Year) Riociguat switch group

Control group

Selexipag add-on group

Final RCTs excluded in the indi-

rect treatment comparison

Humbert (2023) [1]; Benza (2024) [16] riociguat study (REPLACE)

Treatment Riociguat + ERA (n=111)

Age, Mean £+ SD 49.4 £+ 16.2 years

Female 74%

WHO Functional Class 111 100%

Asian 15%
Idiopathic 62%
Heritable 4%

PAH Etiology Drug-/toxin-associated 1%
Connective tissue disease-associated 22%
Congenital heart disease-associated 5%
Portopulmonary 6%

Background Therapy ERA 71% (bosentan 17%, ambrisentan

27%, macitentan 27%)
374 £+ 60 min
290 (138-863) pg/mL

6-MWD, Mean + SD
NT-proBNP, Median (IQR)

PDESi + ERA (n = 115)

49.1 £+ 15.7 years

83%

111 100%

17%

Idiopathic 65%

Heritable 4%

Drug-/toxin-associated 4%

Connective tissue disease-associated 17%
Congenital heart disease-associated 6%
Portopulmonary 5%

ERA 72% (bosentan 18%, ambrisentan 26%,

macitentan 28%)
367 £+ 62 min
395 (166-1608) pg/mL

Humbert (2023) (REPLACE) [1]

Sitbon (2020) [14]; Benza (2024) [17] slexipag study; Channick (2025) [18] (GRIPHON)

Treatment
Age, Mean £+ SD
Female

WHO Functional Class

Asian

PAH Etiology

Background Therapy

6-MWD, Mean + SD
NT-proBNP, Median (IQR)

Placebo + ERA + PDESi (n = 574)

47.9 £ 15.55 years

80.1%

10.9%

1143.8%

111 54.0%

IV 1.4%

19.4%

Idiopathic 57.9%

Heritable 2.2%

Drug-/toxin-associated 1.7%

Connective tissue disease-associated 28.7%
Congenital heart disease-associated 8.6%
HIV-associated 0.9%

ERA 13.1%

PDES5i 31.8%

ERA+PDES5i 33.8%

348.0 £ 83.23 min

470.0 (170.0-1359.0) pg/mL

Selexipag + ERA 4+ PDES5i (n = 582)
48.2 £+ 15.19 years

79.6%

10.7%

1147.7%

111 51.0%

IV 0.5%

20%

Idiopathic 54.4%

Heritable 2.3%
Drug-/toxin-associated 3.0%

Sitbon (2020) (GRIPHON) [14]

Connective tissue disease-associated 29.1%
Congenital heart disease-associated 10.5%
HIV-associated 0.9%

ERA 16.4%

PDES5i 32.9%

ERA+PDESi 31.2%

374 + 60 min

514.5 (166.0-1356.0) pg/mL
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Table 2. Continued.

Trial (Year) Riociguat switch group

Control group

Selexipag add-on group

Final RCTs excluded in the indi-

rect treatment comparison

Coghlan (2018) [15] (GRIPHON)
Treatment
Age, Mean 4+ SD
Female

WHO Functional Class

Asian

PAH Etiology

Background Therapy
6-MWD, Mean + SD
NT-proBNP, Median (IQR)

Placebo + ERA + PDESi (n=179)

50.7 + 14.24 years

79.2%

1130.7%

111 68.2%

Others 1.1%

8.6%

Idiopathic 59.9%

Heritable 4.6%

Drug-/toxin-associated 1.0%

Connective tissue disease-associated 28.4%
Congenital heart disease-associated 5.1%
HIV-associated 1.0%

ERA+PDES5i 100%

358.7 £+ 79.73 min

N/A

Selexipag + ERA + PDESi (n = 197)
50.6 + 15.00 years

79.9%

1130.5%

11 67.5%

Others 2.0%

6.7%

Idiopathic 59.2%

Heritable 5.0%
Drug-/toxin-associated 6.7%

Connective tissue disease-associated 22.3%
Congenital heart disease-associated 5.6%

HIV-associated 1.1%
ERA+PDES5i 100%
359.7 £ 80.97 min
N/A

Coghlan (2018) [15] (GRIPHON
with patients receiving PDE5i +
ERA)

Simonneau (2012) [10] (Selexipag Phase 2)
Treatment
Age, Mean £+ SD

Female
WHO Functional Class

Asian

PAH Etiology

Background Therapy

6-MWD, Mean & SD
NT-proBNP, Mean + SD

Placebo + ERA + PDES5i (n =33)
53.8 + 16.3 years

80%

1120%

111 80%

N/A

Idiopathic 70%

Heritable 10%

Connective tissue disease 20%

ERA 40%

Sildenafil 30%
ERA+Sildenafil 30%
350.3 £ 123.5 min
2400.9 + 1269.8 pg/mL

Selexipag + ERA £ PDES5i (n = 10)
54.8 £ 16.8 years

81.8%

11 45.5%

I 54.5%

N/A

Idiopathic 72.7%

Heritable 3%

Drug-/toxin 6.1%

Connective tissue disease 12.1%
Congenital heart disease 6.1%
ERA 36.4%

Sildenafil 27.2%
ERA+Sildenafil 36.4%

396.2 4+ 71.4 min

1601.4 + 2443.0 pg/mL

Simonneau (2012) [10]
(Selexipag Phase 2)
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Table 2. Continued.

Trial (Year)

Riociguat switch group

Control group

Selexipag add-on group

Final RCTs excluded in the indirect treat-

ment comparison

Howard (2023) [12]; Rehman (2025) [13] (TRACE)

Selexipag + ERA + PDESi/sGC (n = 53)

Treatment Placebo + ERA + PDES5i/sGC (n=55)
Age, Mean 4+ SD 49.8 + 13.6 years 49.0 £+ 14.8 years
Female 76.4% 66%
. 11 74.5% 11 62.3%
WHO Functional Class
111 25.5% 11 37.7%
Asian N/A N/A The TRACE study was excluded because
Idiopathic/Heritable 76.4% Idiopathic/Heritable 75.5% its population included patients receiving
Connective tissue disease 18.2% Connective tissue disease 15.1% sGC stimulators, which could confound the
PAH Etiology Congenital heart disease 1.8% Congenital heart disease 7.5% clinical outcomes
Drug-/toxin 1.8% Drug-/toxin 1.9%
HIV 1.8% HIV 1.9%
ERA 1.8% ERA 1.9%
Background Therapy . .
ERA+PDESi/sGC 98.2% ERA+PDES5i/sGC 98.1%

6-MWD, Mean + SD 449.5 £+ 98.9 min 453.1 & 129.7 min
NT-proBNP, Median (IQR) 207.0 (36-9811) pg/mL 16.02 (16-3871) pg/mL

PAH, pulmonary arterial hypertension; WHO, World Health Organization; ERA, endothelin receptor antagonist; PDESi, phosphodiesterase-5 inhibitor; sGC, soluble guanylate cyclase stimulator; 6-MWD, six-minute

walk distance; NT-proBNP, N-terminal pro—B-type natriuretic peptide; mean + SD, mean + standard deviation; median (IQR), median (interquartile range); min—max, minimum-maximum; N/A, not available.

Table 3. Results of indirect treatment comparison analysis for the composite endpoint related to clinical worsening.

Riociguat replacement Selexipag add-on Indirect comparison of relative

Outcomes Treatment Clinical trials . i
Treatment effect estimate (95% CI)  Treatment effect estimate (95% CI) treatment effects (95% CI)
. 0.167
. Riociguat replacement ~ REPLACE study 0.10 (0.01, 0.79)
All Patients (0.019, 1.495)
Selexipag add-on GRIPHON study 0.60 (0.49, 0.73) p=0.1066
Composite endpoint o 0.159
p poin . L Riociguat replacement ~ REPLACE study 0.10 (0.01, 0.79)
of clinical worsening ERA + PDESi combination (0.017, 1.452)
Selexipag add-on GRIPHON study 0.63 (0.44, 0.90) p=10.1069
0.135
ERA + PDES5i combination +  Riociguat replacement ~REPLACE study 0.10 (0.01, 0.79) (0.015, 1.244)
WHO functional class IIT . R
Selexipag add-on GRIPHON study 0.74 (0.50, 1.10) p=0.0741
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Table 4. Results of indirect treatment comparison analysis for secondary outcomes.

Riociguat replacement

Selexipag add-on

Indirect comparison of relative

Outcomes Treatment Clinical trials . Treatment effect estimate
Treatment effect estimate (95% CI) treatment effects (95% CI)
(95% CI)
Riociguat REPLACE study 23.00 (5.00, 41.00) 10.64
Selexi GRIPHON study 12.00 (3.63,20.37) (-9.158, 30.438)
elexipa;
All Patients P38 Phase 2 study _selexipag 24.20 (-23.70, 72.10) p=0.2920
. . . Meta-analysis - 12.36 (4.12,20.61)
6-minute walking distance . 2
Heterogeneity test - x2(1)=0.24,p=0.62; 12 = 0%
at 6 months
Riociguat REPLACE study 23.00 (5.00, 41.00) 11
: . Selexipag GRIPHON study 12.00 (3.63, 20.37) (-8.851, 30.851)
Excluding Phase 2 study_slexipag .
Meta-analysis - - p=0.2772
Heterogeneity test - -
Riociguat REPLACE study —170.00 (—426.00, 86.00) —46.62
Selexi GRIPHON study —123.00 (-175.00, —71.00) (-307.826, 214.586)
elexipa;
All Patients P28 ppase 2 study _selexipag 212.80 (-1012.10, 586.50)  p=0.7263
Meta-analysi - —123.38 (-175.27,-71.49
Change in NT-proBNP at 6 cta-ana y§IS 9 ( ’ )
Heterogeneity test - x2(1)=0.05, p=0.83; I = 0%
months
Riociguat REPLACE study —170.00 (—426.00, 86.00) —46
. . Selexipag GRIPHON study —123.00 (-175.00, —-71.00) (-307.228, 215.228)
Excluding Phase 2 study_slexipag .
Meta-analysis - - p=0.7298
Heterogeneity test - -
Riociguat REPLACE study 1.95 (1.27, 3.00) 1.242
Selexipag GRIPHON study 1.57 (1.11,2.21) (0.719, 2.145)
All Patients Phase 2 study  selexipag 1.52(0.20, 11.50) p=0.4371
. Meta-analysis - 1.57 (1.12, 2.20)
Improvement in WHO func- . 2
. Heterogeneity test - x2(1)=0.00, p=0.97; I> = 0%
tional class
Riociguat REPLACE study 23.00 (5.00, 40.00) 1.242
Selexi GRIPHON stud 1.57 (1.11,2.21 0.716,2.154
Excluding Phase 2 study_slexipag clexipag . Sy ( ) ( )
Meta-analysis - - p =10.4406
Heterogeneity test - -
Riociguat REPLACE study 1.08 (0.91, 1.29) 1.069
Selexi GRIPHON study 1.01 (1.00, 1.03) (0.898, 1.274)
elexipa;
Overall adverse event rate All Patients pag Phase 2 study_ selexipag 0.97 (0.83,1.14) p=0.4531
Meta-analysis - 1.01 (1.00, 1.03)
Heterogeneity test - x2(1)=0.29, p=0.59; I? = 0%
Riociguat REPLACE study 0.43 (0.20, 0.95) 0.544
Selexi GRIPHON study 0.93 (0.82, 1.06) (0.205, 1.443)
elexipa;
Severe adverse event rate All Patients bag Phase 2 study_ selexipag 0.45 (0.16, 1.30) p=0.2215

Meta-analysis
Heterogeneity test

0.79 (0.4, 1.42)
Y2(1)=1.76, p = 0.18; 12 = 43%

Heterogeneity test: x2 denotes Cochran’s Q test for heterogeneity (df = k&—1), and 12 represents the percentage of total variability across studies attributable to between-study heterogeneity rather than chance.
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The risk of bias assessment revealed no significant
overall bias. All studies used intention-to-treat analyses,
addressing missing with either last observation carried for-
ward or worst-value replacement methods. The REPLACE
and GRIPHON studies conducted survival analyses with
censoring to enhance data integrity. The REPLACE study
was open-label; however, potential bias was mitigated by
assigning independent reviewers at each study site to en-
sure adherence to the study protocol. The risk of bias in
the Simonneau (2012) Phase II study was uncertain due to
its small sample size and unclear protocol verification [10].
This study was included in the primary indirect comparison
but excluded from sensitivity analyses (Supplementary
Table 3).

The mean age of the study populations was similar:
REPLACE (49.4 £+ 16.2 years) and GRIPHON (48.2 +
15.19to0 54.8 £ 16.8 years). Both studies included high pro-
portions of females and patients with idiopathic PAH (fe-
male: REPLACE 74%, GRIPHON 79.9-81.8%; idiopathic
PAH: REPLACE 62%, GRIPHON 54.4-72.7%)).

The REPLACE study exclusively enrolled patients in
WHO FC 111, while GRIPHON included 51-54% of pa-
tients in WHO FC III. Despite this difference in severity
classification, average 6 MWD and NT-proBNP levels were
comparable, supporting study compatibility: 6MWD (RE-
PLACE 374 + 60 m vs. GRIPHON 359.7 + 80.97 m to
396.2 £ 71.4 m) and NT-proBNP (REPLACE 290 [138-
863] pg/mL vs. GRIPHON 514.5 [166.0-1356.0] ng/L
to 1601.4 + 2443.0 pg/mL). However, NT-proBNP lev-
els were 4-8 times higher than in other study populations,
likely because the small sample size allowed outliers to
skew the mean. Therefore, this study was included in the
primary analysis but excluded from sensitivity analyses.

Patients receiving baseline ERA + PDESi therapy
comprised 71-72% of the REPLACE study population and
31.2-33.8% of the GRIPHON population. However, the
GRIPHON post-hoc analysis [15] focused on patients ex-
clusively treated with ERA + PDES5i at baseline, mak-
ing patient characteristics comparable between the stud-
ies. Dosages in all included studies were within authorized
therapeutic ranges. GRIPHON had a 36-month follow-up;
however, outcomes at 26 weeks were used for indirect com-
parison analyses (Table 2, Ref. [1,10,12—18]).

3.2 Meta-analysis and Indirect Comparison

3.2.1 Primary Outcome (Composite Endpoint of Clinical
Worsening)

For the composite endpoint of clinical worsening, rio-
ciguat demonstrated an HR of 0.10 (95% confidence inter-
val [CI]: 0.01-0.79) in the REPLACE study, whereas se-
lexipag showed an HR of 0.60 (95% CI: 0.49-0.73) in the
GRIPHON study. An indirect comparison yielded an HR of
0.167 (95% CI: 0.019-1.495, p = 0.107), which was not sta-
tistically significant. A sensitivity analysis was conducted
using a subset of GRIPHON patients selected to match
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the baseline characteristics of the REPLACE study, includ-
ing patients receiving baseline ERA+PDES5i therapy (HR:
0.159, 95% CI: 0.017-1.452, p = 0.107) and those classi-
fied as WHO FC III (HR: 0.135, 95% CI: 0.015-1.244, p =
0.074), also showed no statistically significant differences
(Table 3, Fig. 2).

3.2.2 Secondary Outcomes

6MWD: At 6 months, riociguat improved 6MWD
by 23.00 m (95% CI: 5.00 to 41.00), whereas selexipag
showed improvements of 12.00 m (95% CI: 3.63 to 20.37)
in GRIPHON and 24.20 m (95% CI: —23.70 to 72.10) in
the phase II study. The meta-analysis for selexipag yielded
a mean improvement of 12.36 m (95% CI: 4.12 to 20.61).
Indirect comparison showed no significant difference (MD:
+10.64 m; 95% CI: —9.16 to 30.44, p = 0.292). Excluding
the phase II study, the difference remained non-significant
(MD: +11 m; 95% CI: —8.85 to 30.85, p = 0.270).

NT-proBNP Change: Riociguat reduced NT-proBNP
by —170 pg/mL (95% CI: —426 to —86), while selexipag de-
creased NT-proBNP by —123 pg/mL (95% CI: —175 to —71)
in GRIPHON and —212.80 pg/mL (95% CI: —1012.10 to
586.50) in the phase II study. The combined meta-analysis
for selexipag was —123.38 pg/mL (95% CI: —175.27 to —
71.49). Indirect comparison revealed no significant dif-
ference (MD: —46.62 pg/mL; 95% CI: —307.83 to 214.59,
p = 0.726). Excluding the phase II study, the result re-
mained non-significant (MD: —46 pg/mL; 95% CI: -307.23
to 215.23, p = 0.730).

WHO FC Improvement: Riociguat had an RR of 1.95
(95% CI: 1.27 t0 3.00), and selexipag showed an RR of 1.57
(95%CI: 1.11t0 2.21) in GRIPHON and 1.52 (95% CI: 0.20
to 11.50) in the phase II study. The meta-analysis RR for
selexipag was 1.57 (95% CI: 1.12 to 2.20). Indirect com-
parison yielded an RR of 1.24 (95% CI: 0.72 to 2.15, p =
0.437). Excluding the phase II study, RR remained non-
significant at 1.24 (95% CI: 0.72 to 2.15, p = 0.441).

Safety Outcomes (Overall and Serious Adverse
Events): Overall adverse events showed an RR of 1.08
(95% CI: 0.91 to 1.29) for riociguat, 1.01 (95% CI: 1.00 to
1.03) for selexipag (GRIPHON), and 0.97 (95% CI: 0.83 to
1.14) for the phase II study, yielding a combined RR of 1.01
(95% CI: 1.00 to 1.03) for selexipag. An indirect compari-
son showed an RR of 1.07 (95% CI: 0.90 to 1.27, p =0.453),
although not significant. Serious adverse events showed an
RR 0f 0.43 (95% CI: 0.20 to 0.95) for riociguat, 0.93 (95%
CI: 0.82 to 1.06) for selexipag in GRIPHON, and 0.45 (95%
CI: 0.16 to 1.30) in the phase II study, resulting in a meta-
analysis RR of 0.79 (95% CI: 0.44 to 1.42) for selexipag.
Indirect comparison yielded an RR of 0.54 (95% CI: 0.21
to 1.44, p = 0.2215), which was also not statistically signif-
icant (Table 4, Fig. 2).
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Fig. 2. Forest plots for clinical efficacy and safety outcomes. Fores
walking distance at 6 months (B), change in NT-proBNP at 6 months
severe adverse event rate (E).

4. Discussion

PAH is a rare disease with relatively low prevalence
in South Korea. However, recent demographic changes
and increased diversity in underlying conditions have con-
tributed to a rising number of diagnoses. Between 2002 and
2018, PAH prevalence increased approximately 75-fold,
and incidence increased 12-fold, highlighting improved di-
agnostic capabilities and a growing disease burden. Asso-

10

t plot for composite endpoint of clinical worsening (A), 6-minute

(C), improvement in WHO functional class (D), and overall and

ciated healthcare costs increase with the number of treated
patients, underscoring the need for evidence-based, cost-
effective therapeutic decisions [19].

In this study, we conducted an indirect comparison to
evaluate the treatment effects of riociguat replacement and
selexipag add-on therapy in patients with PAH receiving
PDESi + ERA combination therapy. Our indirect compari-
son relied on a single common comparator (ERA + PDESi
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=+ placebo) linking two treatment pairs (riociguat + ERA
vs. ERA £ PDES5i vs. selexipag = ERA + PDES5i). Al-
though a network meta-analysis (NMA) could technically
be applied, the Bucher’s method was considered more ap-
propriate in this context because it is simpler, more trans-
parent, and provides stable estimates for a small network
with only a single common comparator [20]. We also
evaluated the assumptions of similarity and exchangeabil-
ity by comparing baseline characteristics across REPLACE
and GRIPHON, including age, sex, PAH etiology, WHO
functional class, 6MWD, NT-proBNP, background ERA +
PDES5i use, and follow-up periods (24 weeks vs. 36 months,
using 24-26-week data for GRIPHON where possible).

Although REPLACE enrolled only WHO FC III pa-
tients while GRIPHON included WHO FC II-111, the ranges
of 6MWD and NT-proBNP were broadly comparable. The
Coghlan post-hoc analysis, reporting outcomes in patients
receiving ERA + PDES5i at baseline (100%), allowed an an-
chored comparison more closely aligned with REPLACE.

The phase 11 selexipag trial (Simonneau 2012) differed
in having a small sample size, markedly higher NT-proBNP
levels (likely influenced by outliers) [10], and a 17-week
assessment. It was included in the primary analysis to pre-
serve information but excluded in pre-specified sensitivity
analyses.

The primary analysis showed that riociguat replace-
ment and selexipag add-on therapies did not differ in terms
of all assessed outcomes, including the composite endpoint
of clinical worsening, 6MWD, NT-proBNP levels, WHO
FC improvement rates, and overall and serious adverse
event rates.

Despite the lack of statistical significance, riociguat
replacement therapy showed a numerical trend toward
greater efficacy in preventing clinical worsening than se-
lexipag add-on therapy. However, the Cls were wide, re-
flecting the limited number of included studies, low event
rates, and relatively small sample sizes. The HR for clinical
worsening (0.167; 95% CI: 0.019-1.495) did not meet the
non-inferiority margin of 1.185, which was calculated us-
ing the FDA fixed-margin method [21], suggesting that firm
conclusions regarding non-inferiority cannot be drawn.

Our findings are consistent with those of Ornstova et
al. [22], who reported no significant differences between
riociguat and selexipag in an indirect comparison. How-
ever, their analysis was limited to WHO FC improvement
and 6MWD as outcome measures, whereas we employed
a composite endpoint of clinical worsening as the primary
outcome. Traditionally, PAH clinical trials have relied on
single clinical measures, such as 6 MWD, as primary end-
points. Recently, however, there has been a shift toward
composite endpoints reflecting clinical worsening or im-
provement [23]. Accordingly, we adopted a composite end-
point in our ITC to align with current trends and capture the
overall clinical impact.

&% IMR Press

Our study included a more comprehensive set of RCTs
and conducted sensitivity analyses focusing on patients re-
ceiving background ERA + PDES5i therapy and those clas-
sified as WHO FC III. These analyses are aligned with
current PAH treatment guidelines, which suggest that pa-
tients receiving ERA + PDESi therapy who experience clin-
ical worsening may be considered for riociguat switching
or selexipag add-on therapy [1]. We acknowledge that
neither therapy demonstrated statistical superiority. How-
ever, the numerical trend toward a greater benefit with rio-
ciguat switching provides supportive information for clini-
cal decision-making. In practice, this trend, combined with
the mechanistic rationale (riociguat as a PDESi replacement
vs. selexipag as an add-on to augment the prostacyclin path-
way) and patient-specific factors such as tolerability, pill
burden, comorbidities, and cost, may help guide individual-
ized therapeutic sequencing, particularly in patients who re-
main inadequately controlled on background ERA + PDES5i
therapy.

Indirect comparisons have evolved from conservative
approaches, which recommend their use only when direct
RCTs are absent or compromised in internal/external valid-
ity [24,25], to more flexible approaches that allow indirect
comparisons when direct evidence is unavailable, as advo-
cated by the National Institute for Health and Care Excel-
lence (England) in 2013 [26] and the Canadian Agency for
Drugs and Technologies in Health (Canada) in 2006 [27].
In 2016, the Pharmaceutical Benefits Advisory Commit-
tee (Australia) [28] emphasized rigorous verification of the
exchangeability assumption and detailed reporting proce-
dures. In Korea, the 2014 Health Insurance Review and
Assessment Service guidelines similarly recommend indi-
rect comparisons when direct RCT evidence is unavail-
able. This study met the fundamental prerequisites for indi-
rect comparison—a systematic literature review and meta-
analysis—to ensure similarity and consistency among the
included studies [29]. Nevertheless, these results should be
interpreted with caution due to the inability to directly val-
idate consistency between indirect and direct comparisons.

5. Limitations

This study has some limitations. REPLACE was an
open-label study, which may have influenced symptom re-
porting or motivation; however, independent assessors and
multiple objective endpoints were used to mitigate this risk.
Furthermore, the RCTs included in this study were rela-
tively few, resulting in wide Cls due to low event rates and
varying follow-up durations. Differences in patient severity
levels also present a limitation. Further direct comparative
RCTs and long-term follow-up studies are needed to clarify
the relative efficacy and safety of the two therapies, pro-
viding more robust evidence to inform optimal treatment
strategies for patients with PAH.

Additional comparisons restricted to patients on base-
line ERA + PDES5i and to those in WHO FC III likewise
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showed similar HR directions but wide confidence inter-
vals that crossed unity, underscoring that no firm conclu-
sion on superiority or inferiority can be drawn. Moreover,
GRIPHON estimated HRs for clinical worsening using a
proportional hazards model over 36 months, and our in-
direct comparison implicitly assumes that this HR is ap-
proximately constant over time when contrasted with the
24-week HR from REPLACE; if hazards were in fact time-
dependent (e.g., early event clustering or delayed treatment
effects), time-scale differences could bias the comparison.
Finally, the absence of individual patient-level data pre-
vented adjustment for important prognostic factors, dosing
and adherence to background therapy, and potential con-
founding by indication. For example, patients switched to
riociguat may have had more severe disease at baseline than
those who remained on PDESi and received selexipag add-
on. Therefore, these limitations reinforce the need for ade-
quately powered head-to-head RCTs.

6. Conclusion

In conclusion, this indirect comparison suggests that
riociguat replacement and selexipag add-on therapy pro-
vide comparable clinical benefits for patients with PAH
who remain inadequately managed with PDESi+ERA ther-
apy. Given the current limited evidence, therapeutic de-
cisions should be individualized, considering patient char-
acteristics, risk profiles, drug mechanisms, and reimburse-
ment policies. Continued research is essential to build a
more robust evidence base and optimize PAH management
strategies.
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