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BACKGROUND: We conducted a systematic review and network meta-analysis to examine
comparative efficacy and tolerability of pharmacologic interventions for pulmonary arterial
hypertension (PAH).

METHODS: MEDLINE, the Cochrane Register, EMBASE, CINAHL, and clinicaltrials.gov were
searched (January 1, 1990 to March 3, 2016). Randomized controlled trials (RCTs) studying
the approved pharmacologic agents endothelin receptor antagonists (ERA), phosphodies-
terase inhibitors (PDE5i), the oral/inhaled (PO/INH) and IV/subcutaneous (SC) prostanoids,
and riociguat and selexipag, alone or in combination, for pulmonary arterial hypertension
(PAH) and reporting at least one efficacy outcome were selected.

RESULTS: Thirty-one RCTs with 6,565 patients were selected. In network meta-analysis, when
compared with a median placebo rate of 14.5%, clinical worsening was estimated at 2.8% with
riociguat (risk ratio [RR], 0.19; 95% CI, 0.05-0.76); at 3.9% with ERA þ PDE5i (RR, 0.27;
95% CI, 0.14-0.52), and at 5.7% with PDE5i (RR, 0.39; 95% CI, 0.24-0.62). For improvement
in functional status, when compared with 16.2% in the placebo group, improvement in at
least one New York Heart Association/World Health Organization (NYHA/WHO) func-
tional class was estimated at 81.8% with IV/SC prostanoids (RR, 5.06; 95% CI, 2.3211.04), at
28.3% with ERA þ PDE5i (RR, 1.75; 95% CI, 1.05-2.92), and at 25.2% with ERA (RR, 1.56;
95% CI, 1.22-2.00). Differences in mortality were not significant. Adverse events leading to
discontinuation of therapy were highest with the PO/INH prostanoids (RR, 2.92; 95% CI,
1.68-5.06) and selexipag (RR, 2.06; 95% CI, 1.04-3.88) compared with placebo.

CONCLUSIONS: Currently approved pharmacologic agents have varying effects on morbidity
and functional status in patients with PAH. Future comparative effectiveness trials are
warranted with a focus on a patient-centered approach to therapy.
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Pulmonary arterial hypertension (PAH) or World
Health Organization (WHO) group 1 pulmonary
hypertension is a progressive disease associated with
significant morbidity and a 5% to 15% annual mortality
rate.1-3 In recent years, a number of drug classes to
treat PAH have been approved for clinical use.
These include endothelin receptor antagonists (ERA),
phosphodiesterase-5 inhibitors (PDE5i), parenteral and
nonparenteral prostacyclins, a soluble guanylate cyclase
stimulator, and a prostacyclin-receptor agonist. Although
randomized controlled trials (RCTs) have compared
individual drugs to conventional therapy or placebo,
head-to-head comparisons of different pharmacologic
agents are limited. Conventional meta-analyses are
limited by estimates between two interventions compared
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directly with each other, precluding assessment of
comparative efficacy and safety of all available
interventions.4-7 Hence, evidence regarding the best
treatment, either alone or in combination, is limited,
leaving such decisions to individual clinical judgment.8,9

A network meta-analysis approach can bridge this gap
and guide both clinical decision-making and future
research.10,11

Therefore, we performed a network meta-analysis
combining direct and indirect evidence to evaluate
comparative efficacy and safety of all US Food and
Drug Administration (FDA)-approved pharmacologic
interventions, alone or in combination, in patients with
PAH.
Methods
This systematic review is reported according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses statement for
network meta-analysis and was conducted following a priori
established protocol (PROSPERO-CRD42016036803).12,13 We
followed the International Society for Pharmacoeconomics and
Outcomes Research approach on interpreting network meta-analyses
for health-care decision-making.14,15 We used Grading of
Recommendations Assessment, Development and Evaluation
(GRADE) to appraise quality of evidence.16

Selection Criteria

We included phase II or phase III RCTs with a minimum of 8 weeks of
follow-up, meeting the following criteria: (1) Patients were primarily
adults with symptomatic PAH (group 1 pulmonary hypertension).
Some trials studied subjects 12 years of age and older and were
included; however, trials restricted to pediatric or neonatal patients
were excluded. (2) Interventions included all FDA-approved drugs
specifically for PAH, including ERA (bosentan, ambrisentan,
macitentan), PDE5i (sildenafil, tadalafil), oral/inhaled (PO/INH)
prostanoids (treprostinil, iloprost), IV/subcutaneous (SC) prostanoids
(epoprostenol, treprostinil), the soluble guanylate cyclase simulator
riociguat, and the selective prostacyclin-receptor agonist selexipag,
alone or in combination, administered for 8 weeks or longer. (3) The
comparator consisted of another active agent, placebo, or
conventional therapy. (4) Outcomes included trials reporting any of
the efficacy outcomes (clinical worsening, hospitalization, mortality,
and improvement in functional class or 6-min walk distance
[6MWD]). As in prior studies,4,7 RCTs in which a PAH therapy was
initiated on the background of another PAH-specific cointervention
were included as trials of active agents against placebo, and nature
and rates of background therapy in each arm were examined
narratively. Detailed exclusion criteria are presented in e-Appendix
1, Methods.

Search Strategy

The search strategy was designed and conducted by an experienced
medical librarian with input from study investigators. Multiple
databases were searched for RCTs of pharmacologic therapy for
PAH until March 3, 2016 (details in e-Appendix 1, Methods).
Figure 1 shows study selection and e-Table 1 details the reasons for
exclusion of randomized trials.

Data Abstraction and Quality Assessment

Data were abstracted independently by two reviewers using a
standardized data abstraction form, and discrepancies were resolved
after mutual agreement and discussion with a third reviewer. The
risk of bias for individual studies was assessed using the Cochrane
Risk of Bias assessment tool.17

Outcomes Assessed

We defined five major efficacy outcomes and one safety outcome.
The efficacy outcomes were selected to reflect two aspects of PAH
therapy. First, improvements in patient morbidity and mortality
were assessed by reduction in (1) study-defined clinical worsening,
representing a composite of death, PAH-related hospitalization, lung
transplantation, atrial septostomy, initiation of rescue therapy and
deterioration of functional class or worsening of 6MWD, varying
across studies (e-Table 2) (primary efficacy outcome); (2) PAH-
related hospitalization; and (3) all-cause mortality. Second,
improvement in functional status was assessed by two outcomes: (1)
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Records identified through
database searching

(n = 16,236)

Additional records identified
through other sources

(n = 20)

Records after duplicates and pre-1990 studies
removed (including manual search for duplicates)

(n = 12,392)

Records screened based
on title/abstract

(n = 1,011)

Full-text articles assessed
for eligibility

(n = 206)

Studies included in
quantitative synthesis

(n = 31)

Records excluded (n = 11,381)
• Basic science articles, letters, or
   editorials
• Observational studies
• Unrelated to pulmonary arterial
   hypertension
• Studied exclusively pediatric or
   neonatal population

• Prospective or retrospective
   uncontrolled trials (79)
• Review articles, meta-analysis, or
   expert consensus articles (65)
• Article not available in English (1)
• RCTs excluded for including
   patients with other classes of
   PH; exclusively in children or
   patients with Eisenmenger’s
   syndrome/CHD/SCD; trials with
   crossover design or with drugs
   not specifically FDA-approved
   for PAH as detailed in
   e-Table 1 (30)

Full-text articles excluded, with
reasons
(n = 175)

Figure 1 – Flowsheet for study selection. CHD ¼ congenital heart disease; FDA ¼ Food and Drug Administration; PAH ¼ pulmonary arterial
hypertension; PH ¼ pulmonary hypertension; RCT ¼ randomized controlled trials; SCD ¼ sickle cell disease.
improvement by $ 1 functional class from baseline (New York Heart
Association [NYHA] or WHO) and (2) change in 6MWD (from
baseline). For 6MWD, the a priori minimal clinically important
difference was an increase of $ 33 meters from baseline, associated
with lower mortality and improved functional status.18 Tolerability
was assessed by medication-related adverse events leading to drug
discontinuation. For studies reporting outcomes at multiple time
points, outcomes were preferentially assessed at 16 � 4 weeks
(e-Appendix 1, Methods).

Statistical Analysis

First, we performed direct meta-analysis for all treatment comparisons
using the DerSimonian-Laird random-effects approach, incorporating
within-study and between-study heterogeneity.19 We assessed
statistical heterogeneity using the I2 statistic, with values > 50%
indicating substantial heterogeneity.20 To assess for publication bias,
we examined the network funnel plot for evidence of small study
effects.21,22 Second, we conducted network meta-analysis using
a multivariate random-effects meta-regression.23,24 Categorical
outcomes were reported as risk ratio (RR), and continuous outcome
(6MWD) was reported as weighted mean difference (WMD),
with their corresponding 95% CIs. For categorical outcomes, an
92 Original Research
estimate for the absolute effect size was additionally obtained by
multiplying the RR for each agent with the median placebo
response rate for that outcome.25 Differences between direct and
indirect evidence were assessed using tests of model consistency by
including trial design as an additional covariate in the model.26

Third, we ranked drugs in order of their efficacy and tolerability
using the surface under the cumulative ranking (SUCRA).27 Finally,
to address between-study heterogeneity, we performed multiple
sensitivity analyses that were restricted to trials (1) with a minimum
follow-up duration $ 12 weeks, (2) published after the year 2000,
and (3) with no or < 20% of study participants receiving
background therapy. Further details are presented in e-Appendix 1,
Methods.

Quality of Evidence

Using the GRADE framework, we rated the quality of evidence of
estimates derived from network meta-analysis from high quality to
very low quality (e-Table 3) for efficacy outcomes, ie, clinical
worsening and improvement in functional class.16 For this, evidence
was rated down for risk of bias, indirectness of evidence,
heterogeneity, imprecision, and publication bias. Further details are
presented in e-Appendix 1, Methods.
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Results
From 16,236 articles identified in the search, 31 RCTs
were included in the network meta-analysis. These
included 29 two-arm trials comparing active intervention
to placebo,28-55 one two-arm trial comparing active agents
against each other,56 and one three-arm trial comparing
combination therapy of two active agents against each
of the agents as monotherapy.57 Figure 1 shows study
selection. Figure 2 demonstrates all available direct
comparisons across outcomes (outcome-specific
networks) (e-Fig 1, A-F).

Characteristics and Quality of Included Studies

Overall, trials included 6,565 participants (range,
18-1,156 participants). Table 1 summarizes the trial
characteristics. Median duration of outcome assessment
for 6MWD and functional class, as well as for clinical
worsening and mortality assessment, was 12 weeks
(range, 8-26 weeks and 8-165 weeks, respectively).
Table 2 summarizes baseline patient characteristics. The
median age of subjects across trials was 51 years (range,
30-61 years), and a median 79% were women (range,
55%-100%). Twenty-six trials included PAH from
different causes; among these, a median 65% had
idiopathic PAH. Five RCTs studied idiopathic PAH
exclusively,43,45,47,50,51 whereas one trial studied only
connective tissue disease-associated PAH.49 Across
studies, a majority of patients were in NYHA/WHO
functional classes III (median, 70%; range, 33%-100%)
and II (median, 24%; range, 0%-67%). Background
IV/SC
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Figure 2 – Network diagram of all available direct comparisons.
e-Figures 1, A-F include network diagrams for each individual outcome.
ERA ¼ endothelin receptor antagonist; INH ¼ inhaled; PDE5i ¼
phosphodiesterase-5 inhibitor; PO ¼ orally.
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therapy varied across trials (Table 2); however, such
therapy was not reported to be significantly different
between study arms within these trials.

e-Figures 2A and 2B present overall and study-level
quality of trials. Most studies reported adequate
randomization and allocation concealment. Six RCTs
reported inadequate blinding of participants and
personnel or outcome assessment. Overall, most studies
had a low to moderate risk of bias.

Efficacy Outcomes: Clinical Worsening,
Hospitalization, and Mortality

The primary outcome, clinical worsening, was available
in 20 RCTs with 22 direct comparisons (e-Fig 3). Direct
meta-analysis for these outcomes is presented in
e-Figures 3-5 and in e-Appendix 1, Results. In network
meta-analysis, when compared with a median 14.5% in
the placebo group, ERA was associated with clinical
worsening in an estimated 7.7% of patients (RR, 0.53;
95% CI, 0.36-0.78), PDE5i in 5.7% (RR, 0.39; 95% CI,
0.24-0.62), the combination of ERA þ PDE5i in
3.9% (RR, 0.27; 95% CI, 0.14-0.52), and riociguat in
2.8% (RR, 0.19; 95% CI, 0.05-0.76) (Fig 3). Here,
riociguat and ERA þ PDE5i were ranked highest
(SUCRA, 0.89 and 0.86, respectively), followed by PDE5i
(SUCRA, 0.68) and ERA (SUCRA, 0.46) in reducing
clinical worsening (e-Table 4). For the hospitalization
outcome, only the ERA þ PDE5i combination was
associated with improvement compared with placebo
(RR, 0.19; 95% CI, 0.06-0.64). For all-cause mortality,
events rates were low across trials, and between-group
differences were not significant (Table 3).

Efficacy Outcomes: Functional Status

Improvement in NYHA/WHO functional class was
reported in 23 RCTs with 25 comparisons (e-Fig 6).
Direct meta-analysis is presented in e-Figures 6 and 7
and in e-Appendix 1, Results. In network meta-analysis,
when compared with a median 16.2% for placebo,
improvement in functional class was estimated in
25.2% of patients with ERA (RR, 1.56; 95% CI, 1.22-
2.00), 24.8% of patients with PDE5i (RR, 1.53; 95% CI,
1.06-2.19), 82.8% of patients with IV/SC prostanoids
(RR, 5.06; 95% CI, 2.32-11.04), and 28.3% of patients
with ERA þ PDE5i (RR, 1.75; 95% CI, 1.05-2.92) (Fig 3).
Here IV/SC prostanoids were associated with the highest
rank for improvement in functional class over all other
active agents (SUCRA, 0.99). For improving 6MWD,
when compared with placebo, the combination of
ERAþ PDE5i was ranked highest (SUCRA, 0.96;
WMD, 54.1 m; 95% CI, 29.8-8.5), followed by IV/SC
93
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TABLE 1 ] Characteristics of Included Randomized Controlled Trials Comparing Pharmacologic Agents for Treatment of Pulmonary Arterial Hypertension

First Author/Year (Trial
Name) Study Design Study Location

Study
Period

Timing of
Outcome

Assessment of
Functional
Status/

Morbidity/
Mortality Intervention (n) Comparator (n)

PAH- Specific
Concomitant
Therapy

Outcomes Assessed

CW Hosp Mortality FC 6MWD

ERA vs placebo

McLaughlin28/
2015
(COMPASS-2)

MC, DB, PC USA, Europe,
Brazil, Saudi
Arabia

2006-
2012

16 wk/165
wk

Bosentan
(n ¼ 175)

Placebo
(n ¼ 159)

Sildenafil U U U U U

Galie29/2008
(EARLY)

MC, DB, PC USA, Europe,
Brazil

NR 26 wk/26 wk Bosentan
(n ¼ 93)

Placebo
(n ¼ 92)

Sildenafil U U U U U

Humbert30/2004
(BREATHE-2)

MC, DB, PC USA, Europe NR 16 wk/16 wk Bosentan
(n ¼ 22)

Placebo
(n ¼ 11)

Epoprostenol – – U U –

Rubin31/2002
(BREATHE-1)

MC, DB, PC USA, Mexico,
Europe,
Israel,
Australia

NR 16 wk/28 wk Bosentan
(n ¼ 144)

Placebo
(n ¼ 69)

None U U U U U

Channick32/2001 MC, DB, PC USA, France NR 12 wk/12 wk Bosentan
(n ¼ 21)

Placebo
(n ¼ 11)

None U – U U U

Galie33/2008
(ARIES 1)

MC, DB, PC USA, Australia
South
America,
Europe,
Mexico

2003-
2006

12 wk/12 wk Ambrisentan
(n ¼ 67)

Placebo
(n ¼ 67)

None U U U U U

Galie33/2008
(ARIES 2)

MC, DB, PC Europe, Israel,
South
America

2003-
2006

12 wk/12 wk Ambrisentan
(n ¼ 63)

Placebo
(n ¼ 65)

None U U U U U

Pulido34/2013
(SERAPHIN)

MC, DB, PC USA, Canada,
Europe,
Asia, South
America,
Australia

2008-
2012

26 wk/115
wk

Macitentan
(n ¼ 242)

Placebo
(n ¼ 250)

PDE5i
PO or inhaled

PCA

U U U U U

PDE5i vs Placebo

Galie35/2009
(PHIRST)

MC, DB, PC USA, Canada,
Europe,
Japan

2005-
2007

16 wk/16 wk Tadalafil
(n ¼ 79)

Placebo
(n ¼ 82)

Bosentan U U U U U
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TABLE 1 ] (Continued)

First Author/Year (Trial
Name) Study Design Study Location

Study
Period

Timing of
Outcome

Assessment of
Functional
Status/

Morbidity/
Mortality Intervention (n) Comparator (n)

PAH- Specific
Concomitant
Therapy

Outcomes Assessed

CW Hosp Mortality FC 6MWD

Galie36/2005
(SUPER)

MC, DB, PC USA, Mexico,
South
America,
Europe,
Asia, South
Africa,
Australia

2002-
2003

12 wk/12 wk Sildenafil
(n ¼ 69)

Placebo
(n ¼ 70)

None U U U U U

Zhuang37/2014 Single center,
DB, PC

China 2011-
2013

16 wk/16 wk Tadalafil
(n ¼ 60)

Placebo
(n ¼ 64)

Ambrisentan U U U U U

Simonneau38/
2008 (PACES)

MC, DB, PC USA, Canada,
Europe,
Israel

2003-
2006

16 wk/16 wk Sildenafil
(n ¼ 134)

Placebo
(n ¼ 133)

Epoprostenol U U U – U

ERA vs PDE5i

Galie57/2015
(AMBITION)

MC, DB, PC USA, Canada,
Europe,
Japan,
Australia

2010-
2014

24 wk/74 wk Ambrisentan
(n ¼ 126)

Tadalafil
(n ¼ 121)

None U U U U U

Wilkins56/2005
(SERAPH)

Single center,
DB, PC

UK 2002-
2003

16 wk/16 wk Sildenafil
(n ¼ 14)

Bosentan
(n ¼ 12)

None – – U – U

ERA þ PDE5i
vs PDE5i

Galie57/2015
(AMBITION)

MC, DB, PC USA, Canada,
Europe,
Japan,
Australia

2010-
2014

24 wk/74 wk Ambrisentan
(n ¼ 253)

Placebo
(n ¼ 121)

Tadalafil U U U U U

ERA þ PDE5i vs ERA

Galie57/2015
(AMBITION)

MC, DB, PC USA, Canada,
Europe,
Japan,
Australia

2010-
2014

24 wk/74 wk Tadalafil
(n ¼ 253)

Placebo
(n ¼ 126)

Ambrisentan U U U U U

PO or INH PCA
vs placebo

Jing39/2013
(FREEDOM-M)

MC, DB, PC USA, Canada,
Europe,
China, India,
Mexico

2006-
2011

12 wk/12 wk Treprostinil
PO
(n ¼ 233)

Placebo
(n ¼ 116)

None U U U – –
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TABLE 1 ] (Continued)

First Author/Year (Trial
Name) Study Design Study Location

Study
Period

Timing of
Outcome

Assessment of
Functional
Status/

Morbidity/
Mortality Intervention (n) Comparator (n)

PAH- Specific
Concomitant
Therapy

Outcomes Assessed

CW Hosp Mortality FC 6MWD

Tapson40/2013
(FREEDOM-C2)

MC, DB, PC USA, Europe,
China,
Australia

2009-
2011

16 wk/16 wk Treprostinil
PO
(n ¼ 157)

Placebo
(n ¼ 153)

ERA
PDE5i

U U U – –

Tapson41/2012
(FREEDOM-C)

MC, DB, PC USA, China,
Australia

2005-
2008

16 wk/16 wk Treprostinil
PO
(n ¼ 174)

Placebo
(n ¼ 176)

ERA
PDE5i

U – U U U

McLaughlin42/
2010
(TRIUMPH-1)

MC, DB, PC USA, Europe 2005-
2007

12 wk/12 wk Treprostinil
INH
(n ¼ 115)

Placebo
(n ¼ 120)

ERA
PDE5i

U U U – U

Olschewski43/
2002 (AIR)

MC, DB, PC USA, Europe 1998-
2001

12 wk/12 wk Iloprost INH
(n ¼ 51)

Placebo
(n ¼ 51)

None – – U U –

McLaughlin44/
2006 (STEP)

MC, DB, PC USA 2004 12 wk/12 wk Iloprost INH
(n ¼ 34)

Placebo
(n ¼ 33)

Bosentan U U U U U

Hoeper45/2006
(COMBI)

MC, OL, PC Germany 2004 12 wk/12 wk Iloprost INH
(n ¼ 19)

Placebo
(n ¼ 21)

Bosentan U U U – U

IV or SC PCA
vs placebo

Hiremath46/2010
(TRUST-1)

MC, DB, PC India 2005 12 wk/12 wk Treprostinil
IV (n ¼ 30)

Placebo
(n ¼ 14)

None – – U U U

McLaughlin47/
2003

MC, DB, PC USA NR 8 wk/8 wk Treprostinil
SC (n ¼ 17)

Placebo
(n ¼ 9)

None – – U – U

Simonneau48/
2002

MC, DB, PC USA, Canada,
Mexico,
Europe,
Israel,
Australia

1998-
1999

12 wk/12 wk Treprostinil
SC
(n ¼ 233)

Placebo
(n ¼ 236)

None – – U – U

Badesch49/2000 MC, OL USA, Canada NR 12 wk/12 wk Epoprostenol
IV (n ¼ 56)

Conventional
therapy
(n ¼ 55)

None – – U U U

Barst50/1996 MC, OL USA NR 12 wk/12 wk Epoprostenol
IV (n ¼ 41)

Conventional
therapy
(n ¼ 40)

None – – U U U

Rubin51/1990 MC, OL USA NR 8 wk/8 wk Epoprostenol
IV (n ¼ 11)

Conventional
therapy
(n ¼ 12)

None – – U U U
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TABLE 1 ] (Continued)

First Author/Year (Trial
Name) Study Design Study Location

Study
Period

Timing of
Outcome

Assessment of
Functional
Status/

Morbidity/
Mortality Intervention (n) Comparator (n)

PAH- Specific
Concomitant
Therapy

Outcomes Assessed

CW Hosp Mortality FC 6MWD

Riociguat
vs placebo

Ghofrani52/2013
(PATENT-1)

MC, DB, PC USA, Canada,
Mexico, Asia
Europe,
South
America,
Australia

2008-
2012

12 wk/12 wk Riociguat
(n ¼ 254)

Placebo
(n ¼ 126)

ERA
PO, INH, or

SC PCA

U U U U U

Galie53/2015
(PATENT-PLUS)

MC, DB, PC Europe 2010-
2012

12 wk/12 wk Riociguat
(n ¼ 12)

Placebo
(n ¼ 6)

Sildenafil – – U U U

Selexipag
vs placebo

Sitbon54/2015
(GRIPHON)

MC, DB, PC North
America,
Europe,
Asia, Latin
America,
Australia

2009-
2013

26 wk/70 wk Selexipag
(n ¼ 574)

Placebo
(n ¼ 582)

ERA, PDE5i,
ERA
þ PDE5i

U U U U U

Simonneau55/
2012

MC, DB, PC Europe 2008-
2009

17 wk/17 wk Selexipag
(n ¼ 33)

Placebo
(n ¼ 10)

ERA, PDE5i,
ERA
þ PDE5i

– – U U U

6MWD ¼ 6-min walk distance; AIR ¼ Aerosolized Iloprost Randomized; AMBITION ¼ Ambrisentan and Tadalafil in Patients with Pulmonary Arterial Hypertension; ARIES-1 and ARIES-2 ¼ Ambrisentan in PAH - A Phase
III, Randomized, Double-blind, Placebo-controlled, Multicenter, Efficacy Study of Ambrisentan in Subjects With Pulmonary Arterial Hypertension; BREATHE-1 ¼ Bosentan Randomized trial of Endothelin Antagonist
Therapy for PAH -1; BREATHE-2 ¼ Bosentan Randomized trial of Endothelin Antagonist Therapy for PAH - 2; COMBI ¼ Combination Therapy of Bosentan and aerosolised Iloprost in Idiopathic Pulmonary Arterial
Hypertension; COMPASS-2 ¼ Effects of the Combination of Bosentan and Sildenafil vs Sildenafil Monotherapy on Pulmonary Arterial Hypertension; CW ¼ clinical worsening; DB ¼ double blind; EARLY ¼ Efficacy and
Safety of Oral Bosentan in Pulmonary Arterial Hypertension Class II; ERA ¼ endothelin receptor antagonist; FC ¼ functional class (World Health Organization or New York Heart Association); FREEDOM-C ¼ Oral
Treprostinil in Combination With an ERA and/or a PDE-5I for the Treatment of PAH; FREEDOM-C2 ¼ Oral Treprostinil for the Treatment of Pulmonary Arterial Hypertension in Patients Receiving Background Endothelin
Receptor Antagonist and Phosphodiesterase Type 5 Inhibitor Therapy; FREEDOM-M ¼ Oral Treprostinil as Monotherapy for the Treatment of PAH; GRIPHON ¼ Prostacyclin (PGI2) Receptor Agonist In Pulmonary Arterial
Hypertension; Hosp ¼ PAH-related hospitalization; INH ¼ inhaled; MC ¼ multicenter; NR ¼ not reported; OL ¼ open label; PACES ¼ Pulmonary Arterial Hypertension Combination Study of Epoprostenol and Sildenafil;
PATENT-1 ¼ Pulmonary Arterial Hypertension Soluble Guanylate Cyclase Stimulator Trial 1; PATENT-PLUS ¼ Evaluation of the Pharmacodynamic Effect of the Combination of Sildenafil and Riociguat on Blood Pressure
and Other Safety Parameters; PC ¼ placebo controlled; PCA¼ prostacyclin; PDE5i ¼ phosphodiesterase-5 inhibitor; PHIRST ¼ Pulmonary Arterial Hypertension and Response to Tadalafil; PO¼ orally; SB ¼ single blind;
SC ¼ subcutaneous; SERAPH ¼ Sildenafil vs Endothelin Receptor Antagonist for Pulmonary Hypertension; SERAPHIN ¼ Study with an Endothelin Receptor Antagonist in Pulmonary Arterial Hypertension to Improve
Clinical Outcome; STEP ¼ Safety and pilot efficacy Trial in combination with bosentan for Evaluation in Pulmonary arterial hypertension; SUPER ¼ Sildenafil Use in Pulmonary Arterial Hypertension; TRIUMPH-1 ¼
TReprostinil sodium Inhalation Used in the Management of Pulmonary Arterial Hypertension; TRIUMPH-1 ¼ TReprostinil sodium Inhalation Used in the Management of Pulmonary Arterial Hypertension; TRUST-1 ¼
Treprostinil for Untreated Symptomatic PAH Trial; U¼ yes; – ¼ no.

jo
u
rn

al.p
u
b
licatio

n
s.ch

estn
et.o

rg
9
7

http://journal.publications.chestnet.org


TABLE 2 ] Patient Characteristics of Subjects Included in the Selected Randomized Controlled Trials

Study/Year

Age, y, mean (SD) Sex, % women Cause of PAH, % subjects Baseline 6MWD, m NYHA/WHO Functional Class

Background
PAH

Therapy

% Receiving
Background
Therapy

Int Ctrl Int Ctrl

Int Ctrl

Int Ctrl

Int Ctrl

Int CtrlIPAH APAH IPAH APAH I II III IV I II III IV

McLaughlin28/
2015
(COMPASS-2)

52.9
(15.4)

54.7
(15.7)

78.6 73.1 62.3 27.0 65.1 25.7 363.1
(78.5)

357.6
(73.1)

0 0 44.7 55.3 0 39.4 59.4 1.1 Sildenafil 100 100

Galie29/2008
(EARLY)

45.2
(17.9)

44.2
(16.5)

76 63 58 41 63 35 438
(86)

431
(91)

– – – – – – – – Sildenafil 15 16

Humbert30/2004
(BREATHE-2)

45
(17)

47
(19)

77 55 77 9 91 23 NR NR 0 0 77 23 0 0 73 27 Epoprostenol 100 100

Rubin31/2002
(BREATHE-1)

48.7
(15.8)

47.2
(16.2)

79 78 71 29 70 30 330
(74)

344
(76)

0 0 90 10 0 0 94 6 None NA NA

Channick32/2001 52.2
(12.2)

47.4
(14.0)

81 100 81 19 91 9 360
(86)

355
(82)

0 0 100 0 0 0 100 0 None NA NA

Galie57/2015
(AMBITION)

54.5
(14.3)

54.5
(15.2)

74 83 53 47 58 42 353.5
(87.9)

349.2
(91.6)

0 30 70 0 0 34 66 0 Tadalafil 100 100

Galie33/2008
(ARIES 1)

53
(14)

48
(16)

84 88 63 36 64 36 340
(77)

342
(73)

2 30 60 9 3 34 61 2 None NA NA

Galie33/2008
(ARIES 2)

50
(16)

51
(14)

81 68 65 35 65 36 355
(84)

343
(86)

2 44 52 2 3 37 57 3 None NA NA

Pulido34/2013
(SERAPHIN)

45.5
(15)

46.7
(17)

80 74 55.6 43.6 51.0 47.7 363
(93.2)

352
(110.6)

0 50 48 2 0 52 47 1 PDE5i
Oral or inhaled

prostanoids

62.0
6.2

60.2
2.8

Galie57/2015
(AMBITION)

54.5
(14.3)

53.9
(14.7)

74 79 53 47 59 41 353.5
(87.9)

354.2
(92.3)

0 30 70 0 0 30 70 0 Ambrisentan 100 100

Zhuang37/2014 52
(12)

51
(14)

76.7 81.3 68.3 31.7 57.8 42.1 356
(87)

343
(71)

0 60 35 5 0 57.7 42.2 3.1 Ambrisentan 100 100

Galie5/2009
(PHIRST)

53
(15)

55
(15)

75 79 58 42 66 34 352
(78)

343
(84)

3 33 65 0 1 28 68 2 Bosentan 53 55

Simonneau38/
2008
(PACES)

47.8
(12.9)

47.5
(13.2)

82 77 80 20 79 21 348.9
(71.4)

341.6
(77.3)

0.7 25.4 65.7 7.5 1.5 25.6 65.4 4.5 Epoprostenol 100 100

Galie36/2005
(SUPER)

47
(14)

49
(17)

71 81 64 36 60 40 347
(90)

344
(79)

0 35 58 7 1 46 49 4 None NA NA

Galie57/2015
(AMBITION)

53.9
(14.7)

54.5
(15.2)

79 83 58 42 59 41 354.2
(92.3)

349.2
(91.6)

0 30 70 0 0 34 66 0 None NA NA

Wilkins56/2005
(SERAPH)

44.4
(8.5)

41.1
(7)

83.3 78.6 91.7 8.3 85.7 14.3 304.6
(74.1)

290
(88.5)

– – – – – – – – None NA NA

Jing39/2013
(FREEDOM-M)

40.6
(15.2)

42.5
(12.5)

74 78 73 26 76 24 332.3
(71.6)

325.2
(77.1)

– – – – – – – – None NA NA

Tapson40/2013
(FREEDOM-C2)

51.5
(14.5)

50.4
(13.7)

76 80 66 34 65 35 329.4
(69.2)

336.8
(63.5)

0 27 71 2 0 24 76 0 PDE5i þ ERA
PDE5i
ERA

41
43
16

39
42
18

Tapson41/2012
(FREEDOM-C)

51
(14.5)

50
(14)

85 80 65 35 68 32 346.1
(71.4)

345.4
(75.5)

1 24 73 2 1 18 79 3 PDE5i þ ERA
PDE5i
ERA

43
26
32

42
24
29

(Continued)
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TABLE 2 ] (Continued)

Study/Year

Age, y, mean (SD) Sex, % women Cause of PAH, % subjects Baseline 6MWD, m NYHA/WHO Functional Class

Background
PAH

Therapy

% Receiving
Background
Therapy

Int Ctrl Int Ctrl

Int Ctrl

Int Ctrl

Int Ctrl

Int CtrlIPAH APAH IPAH APAH I II III IV I II III IV

Hiremath46/2010
(TRUST-1)

30
(12.5)

36
(11.2)

63 57 97 3 93 7 259.2
(11.9)

231.4
(19.7)

0 0 97 3 0 0 93 7 None NA NA

McLaughlin42/
2010
(TRIUMPH-1)

55
(13.7)

52
(14.2)

80.9 81.7 56 35 56 31 346
(63)

351
(69)

0 0 97 3 0 0 98 2 Bosentan
Sildenafil

67
33

73
27

McLaughlin47/
2003a

37
(17)

37
(17)

81 81 100 0 100 0 NR NR 0 0 96 4 0 0 96 4 None NA NA

Simonneau48/
2002

44.6
(1.0)

44.4
(0.9)

85 78 58 42 58 42 326
(5)

327
(6)

0 11 82 8 0 12 81 7 None NA NA

McLaughlin44/
2006
(STEP)

51
(14)

49
(15)

79 79 50 50 61 39 331
(64)

340
(73)

0 0 97 3 0 3 91 6 Bosentan 100 100

Hoeper45/2006
(COMBI)

48
(14)

56
(13)

76.2 78.9 100 0 100 0 317
(74)

296
(79)

0 0 100 0 0 0 100 0 Bosentan 100 100

Olschewski43/
2002b

51.2
(13.2)

52.8
(12)

68.3 66.7 100 0 100 0 332
(93)

315
(96)

0 0 59 41 0 0 58 42 None NA NA

Badesch49/2000 53.0
(13.1)

57.3
(10.3)

91 82 0 100 0 100 271.5 240 0 2 75 23 0 7 82 11 None NA NA

Barst50/1996 40
(3)

40
(2)

76 70 100 0 100 0 316
(18)

272
(23)

0 0 76 24 0 0 73 28 None NA NA

Rubin51/1990 37.4
(12.6)

35
(15.5)

63.6 75 100 0 100 0 246 205 – – – – – – – – None NA NA

Galie53/2015
(PATENT
PLUS)

58
(11)

61
(10)

67 67 42 58 67 33 NR NR 8 50 33 8 0 67 33 0 Sildenafil 100 100

Ghofrani52/2013
(PATENT 1)

51
(17)

51
(17)

80 78 59 41 67 33 361
(68)

368
(75)

2 43 55 0 3 48 46 2 ERA
oral, SC, or

inhaled
PCAs

44
5

43
7

Sitbon54/2015
(GRIPHON)

48.2
(15.2)

47.9
(15.6)

79.6 80.1 54.4 29.1 57.9 28.7 358.5
(76.3)

348.0
(83.2)

0.7 47.7 51.0 0.5 0.9 43.8 54.0 1.4 ERA þ PDE5i
PDE5i
ERA

31.2
32.9
16.4

33.8
31.8
13.1

Simonneau55/
2012

54.8
(16.8)

53.8
(16.3)

81.8 80 72.7 12.1 70 20 396.2
(71.4)

350.3
(123.5)

0 45.5 54.5 0 0 20 80 0 ERA þ PDE5i
PDE5i
ERA

36.4
27.2
36.4

30.0
30.0
40.0

APAH ¼ associated pulmonary arterial hypertension; Ctrl ¼ control; Int ¼ intervention; IPAH ¼ idiopathic pulmonary arterial hypertension; NA ¼ not available; PAH ¼ pulmonary arterial hypertension; – ¼ data not reported for
these variables. See Table 1 legend for expansion of other abbreviations.
aData reported for intervention and control groups combined.
bData reported for all groups of pulmonary hypertension combined. Outcomes data are used only for group 1 pulmonary arterial hypertension.

jo
u
rn

al.p
u
b
licatio

n
s.ch

estn
et.o

rg
9
9

http://journal.publications.chestnet.org


ERA

PDE5i

0.52 (0.27-1.00)

1.98 (1.10-3.59) 2.79 (1.26-6.20)

0.19 (0.05-0.76) 0.27 (0.14-0.52)

0.41 (0.18-0.97)

1.75 (1.05-2.92)

5.06 (2.32-11.04)

1.53 (1.06-2.19)

1.56 (1.22-2.00)

3.26 (1.27-8.41)2.89 (1.14-7.32)3.57 (1.31-9.77)

0.53 (0.36-0.78) 0.39 (0.24-0.62)

0.31 (0.14-0.70)

Efficacy in improving functional status as risk ratio (95% CI)
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0.30 (0.13-0.71)

0.35 (0.13-0.89)
PO/ INH

Prostanoid

IV/ SC
Prostanoid

Riociguat

ERA + PDE5i

Selexipag

Placebo

0.89 (0.48-1.65)

0.87 (0.45-1.68)

1.02 (0.70-1.50)

1.37 (0.86-2.18)

0.71 (0.39-1.29)

2.85 (0.66-12.31)

0.82 (0.42-1.60) 0.60 (0.29-1.22)

1.45 (0.79-2.66)

1.15 (0.56-2.35)

0.75 (0.47-1.19)

2.09 (0.47-9.20) 4.02 (0.91-17.68)

0.70 (0.15-3.29) 1.13 (0.54-2.37)

0.81 (0.36-1.83)

1.24 (0.52-2.94) 1.01 (0.47-2.15) 1.13 (0.52-2.50)

0.98 (0.51-1.88)

1.01 (0.56-1.82)0.89 (0.55-1.45)

0.87 (0.53-1.42)1.08 (0.52-2.24)

1.10 (0.56-2.17)

1.76 (0.99-3.13)

0.91 (0.40-2.09) 1.42 (0.75-2.66)

0.65 (0.38-1.12)

1.55 (0.91-2.66)0.29 (0.06-1.30)

– – –

–

–

–

–

Figure 3 – Comparative efficacy of pharmacologic agents in improving functional class by at least one class and reducing the risk of clinical worsening.
Comparisons should be read from left (active agent) to right (comparator agent or placebo). Columns in pink/red represent improvement in functional
class, with risk ratio > 1 consistent with higher improvement. Columns in blue represent efficacy in reducing clinical worsening, with risk ratio < 1
favoring active agent. Bold numbers with darker backgrounds are statistically significant. Numbers in parentheses indicate 95% CIs. See Figure 2 legend
for expansion of abbreviations.
prostanoids (SUCRA, 0.74; WMD, 35.8 m; 95% CI,
19.1-52.5 m), ERA (SUCRA, 0.69; WMD, 33.2 m;
95% CI, 21.2-45.1 m), and PDE5i (SUCRA, 0.53; WMD,
26.8 m; 95% CI, 13.3-40.3) (Table 3), but no agent
consistently achieved the a priori defined minimal
clinically important difference of 33m (all CIs crossed
this value).

Adverse Events Leading to Discontinuation

Lowadverse-event-relatedmedicationdiscontinuationwas
examined as a marker for higher tolerability. Twenty-six
RCTs reported data on this outcome. Direct meta-analysis
is presented in e-Figure 8 and e-Appendix 1, Results. In
network meta-analysis for this outcome, the highest
SUCRA ranking was achieved by riociguat (0.92), followed
by PDE5i (0.80), ERA þ PDE5i (0.62), and ERA (0.56)
(higher SUCRA corresponds to lower adverse events)
(e-Table 4). Risk of discontinuation for PO/INH
prostanoids was significantly higher compared with
placebo (RR, 2.92; 95% CI, 1.68-5.06) but was also higher
than ERA (RR, 2.78; 95% CI, 1.41-5.50), PDE5i (RR, 3.79;
95%CI, 1.72-8.34), riociguat (RR, 5.92; 95%CI, 1.85-18.94),
and ERAþ PDE5i (RR, 3.00; 95% CI, 1.16-7.81) (Table 3).
100 Original Research
The results of our sensitivity analyses restricted to
trials with follow-up $ 12 weeks, recent publication
(after 2000), or those with < 20% patients receiving
background therapy did not differ substantially from our
primary analysis (e-Table 5). There was no evidence for
small study effects based on funnel plot asymmetry,
suggesting absence of publication bias (e-Fig 9). There
was no evidence of network inconsistency (P > .05 for
all comparisons).

Quality of Evidence

The GRADE quality of evidence for the primary efficacy
outcomes of clinical worsening and improvement in
functional class is summarized in e-Table 6. Placebo
comparisons were rated down for indirectness due to
differences in study population (background therapy
and PAH subtypes) as well as the definition of outcomes
(for clinical worsening). Head-to-head comparisons
were further downgraded for indirectness and
imprecision due to limited head-to-head trials and wide
CIs, respectively. Moderate-quality evidence supported
the use of ERA, PDE5i, their combination, riociguat, and
selexipag for reducing clinical worsening in PAH. The
[ 1 5 1 # 1 CHES T J A N U A R Y 2 0 1 7 ]



TABLE 3 ] Pooled Risk Ratio for Discrete Outcomes and Weighted Mean Difference for Continuous Outcomes Based
on Combined Direct and Indirect Evidence from Network Meta-Analysis

Pharmacologic
Intervention

Mortality
RR (95% CI)

6MWD
WMD (95% CI)

PAH-Related
Hospitalization
RR (95% CI)

Adverse Events Leading to
Discontinuation
RR (95% CI)

Compared against
placebo

ERA 0.70 (0.45-1.07) 33.19 (21.23-45.14) 0.72 (0.44-1.18) 1.05 (0.70-1.58)

PDE5i 0.68 (0.24-1.95) 26.80 (13.28-40.32) 0.52 (0.27-1.03) 0.77 (0.44-1.35)

PO/INH PCA 0.88 (0.45-1.73) 13.95 (–1.24-29.13) 0.88 (0.40-1.94) 2.92 (1.68-5.06)

IV/SC PCA 0.55 (0.30-1.03) 35.80 (19.11-52.49) 0.49 (0.04-5.61) 2.66 (0.86-8.23)

Riociguat 0.36 (0.07-1.81) 24.28 (–1.78-50.34) 0.12 (0.01-1.20) 0.49 (0.18-1.37)

ERA þ PDE5i 0.65 (0.19-2.25) 54.14 (29.78-78.49) 0.20 (0.07-0.55) 0.97 (0.44-2.13)

Selexipag 1.52 (0.86-2.70) 16.32 (–5.46-38.10) 0.73 (0.37-1.43) 2.01 (1.04-3.88)

Compared against
ERA

PDE5i 0.98 (0.35-2.79) –6.39 (–22.04-9.26) 0.73 (0.37-1.43) 0.73 (0.40-1.33)

PO/INH PCA 1.27 (0.57-2.83) –19.24 (–38.61-0.13) 1.23 (0.49-3.07) 2.78 (1.41-5.50)

IV/SC PCA 0.80 (0.37-1.70) 2.61 (–17.25-22.48) 0.68 (0.06-8.18) 2.53 (0.76-8.41)

Riociguat 0.52 (0.10-2.75) -8.91 (-38.07-20.26) 0.17 (0.02-1.76) 0.47 (0.16-1.41)

ERA þ PDE5i 0.93 (0.28-3.17) 20.95 (–2.58-44.47) 0.28 (0.11-0.72) 0.93 (0.44-1.94)

Selexipag 2.19 (1.07-4.49) –16.87 (–41.58-7.84) 1.01 (0.43-2.34) 1.91 (0.88-4.15)

Compared against
PDE5i

PO/INH PCA 1.29 (0.37-4.49) –12.85 (–33.19-7.49) 1.68 (0.60-4.71) 3.79 (1.72-8.34)

IV/SC PCA 0.81 (0.24-2.74) 9.01 (–12.41-30.42) 0.93 (0.07-11.71) 3.45 (0.97-12.22)

Riociguat 0.53 (0.08-3.61) –2.51 (–31.93-26.90) 0.24 (0.02-2.52) 0.64 (0.20-2.01)

ERA þ PDE5i 0.95 (0.36-2.50) 27.34 (3.84-50.84) 0.39 (0.15-1.01) 1.26 (0.60-2.65)

Selexipag 2.23 (0.68-7.37) –10.48 (–36.10-15.14) 1.38 (0.53-3.60) 2.61 (1.10-6.21)

Compared against
PO/INH PCA

IV/SC PCA 0.63 (0.25-1.58) 21.86 (–0.79-44.50) 0.55 (0.04-7.18) 0.91 (0.26-3.20)

Riociguat 0.41 (0.07-2.35) 10.34 (–19.76-40.43) 0.14 (0.01-1.55) 0.17 (0.05-0.54)

ERA þ PDE5i 0.74 (0.18-3.04) 40.19 (11.47-68.91) 0.23 (0.06-0.82) 0.33 (0.13-0.87)

Selexipag 1.73 (0.71-4.20) 2.37 (–24.19-28.94) 0.82 (0.29-2.32) 0.69 (0.29-1.62)

Compared against
IV/SC PCA

Riociguat 0.65 (0.12-3.66) –11.52 (–43.40-20.36) 0.25 (0.01-7.13) 0.19 (0.04-0.85)

ERA þ PDE5i 1.17 (0.29-4.71) 18.33 (–10.94-47.61) 0.42 (0.03-5.84) 0.37 (0.09-1.45)

Selexipag 2.75 (1.18-6.40) –19.48 (–46.67-7.71) 1.49 (0.12-18.76) 0.76 (0.20-2.80)

Compared against

ERA þ PDE5i
riociguat

1.80 (0.24-13.77) 29.85 (–6.04-65.75) 1.64 (0.14-19.59) 1.97 (0.55-7.05)

Selexipag 4.22 (0.76-23.33) –7.96 (–42.14-26.22) 5.85 (0.55-62.49) 4.07 (1.21-13.75)

Compared against
ERA þ PDE5i

Selexipag 2.35 (0.60-9.23) –37.82 (–70.43-–5.20) 3.56 (1.06-11.95) 2.07 (0.74-5.75)

The column treatment is compared with the row treatment (ie, row treatment is reference for each comparison). Numbers in bold represent statistically
significant results. RR ¼ risk ratio, WMD ¼ weighted mean difference. See Table 1 legend for expansion of other abbreviations.
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combination of ERA þ PDE5i was supported by high-
quality and moderate-quality evidence in the comparison
against monotherapy with ERA and PDE5i, respectively.
Other head-to-head comparisons were supported by low-
to very low-quality evidence. For the functional class
outcome, moderate-quality evidence supported ERA,
ERA þ PDE5i, IV/SC prostanoids, and selexipag in
improving functional class over placebo, whereas low-
quality evidence supported the use of PDE5i and
riociguat. In head-to-head comparisons, most agents
were supported by only low-quality evidence.

Discussion
In this network meta-analysis combining evidence from
31 RCTs including 6,565 patients with PAH and using
the GRADE framework to appraise the quality of
evidence, we made several important observations.
First, treatment with riociguat, ERA, PDE5i, and the
combination of ERA and PDE5i compared with placebo
was associated with significant reduction in risk of
clinical worsening, supported by a low to moderate
quality of evidence. Although riociguat had the strongest
effect, the point estimate was based on a single study.
Second, parenteral (IV/SC) prostanoids, ERA, PDE5i,
and the ERA þ PDE5i combination were associated with
significant improvement in WHO/NYHA functional
class compared with placebo, with most placebo
comparisons supported by moderate-quality evidence.
The same agents led to significant improvements in
6MWD, another marker of exercise capacity with
prognostic implications.58 Third, only the combination
of ERA þ PDE5i was associated with a lower likelihood
of PAH-related hospitalization, but the data were
derived from a single trial. Fourth, none of the studied
agents was associated with reduced mortality. Finally,
nonparenteral (PO/INH) prostanoids and selexipag
were more likely to be discontinued secondary to
adverse events.

There is limited evidence to guide choice of therapy
between different agents, with only two head-to-head
trials comparing different drug classes against each
other.56,57 The current clinical guidelines derive data
from individual drug studies and single-agent meta-
analyses.58,59 However, the direct meta-analyses in the
published literature synthesized evidence informing
about either the pooled effect of drug therapy on
relevant outcomes4,7 or the effect of combination vs
monotherapy as a whole without addressing the role of
individual agents.60,61 They do not provide composite
evidence incorporating all available data to assess the
102 Original Research
comparative effectiveness of different drug therapies in
improving specific outcomes. By synthesizing evidence
from existing trials to analyze both direct and indirect
treatment comparisons, our network meta-analysis
provides comprehensive evidence in which therapy-
specific relative risks are comparable across classes.

Clinical worsening, defined differently across trials to
include a combination of hospitalization, mortality, and
a need for invasive therapy, has increasingly been
reported as a primary outcome in recent randomized
trials. In our study, we found that ERA, PDE5i, their
combination, and riociguat are associated with reduced
clinical worsening. Although riociguat was associated
with the highest probability of reducing clinical
worsening, this effect was supported by low-quality
evidence. The combination of ERA þ PDE5i had the
second highest probability in improving this outcome.
PAH-related hospitalization, a component of clinical
worsening, was also studied as a stand-alone outcome,
and these two outcomes may therefore be correlated.
Although the clinical worsening outcome for most
individual studies followed the direction of the
hospitalization outcome (e-Figs 3, 4), it cannot be
confirmed if reported rates of clinical worsening were
driven by hospitalization events given the limited
reporting of other individual components of clinical
worsening. The impact of parenteral prostanoids on
clinical worsening remains to be studied, since none of
the trials evaluated this outcome.

PAH-related hospitalization and mortality were not
significant in most placebo-drug and drug-drug
comparisons, other than a reduction in hospitalizations
with the combination of ERA þ PDE5i. For the mortality
outcome, although prior studies have suggested a reduction
in mortality with overall pharmacologic therapy7 and with
some prostacyclin analogues,4 mortality events across trials
were low, and we did not find a significant difference for
these comparisons. The included studies were likely
underpowered for assessing mortality, particularly given
their short duration of follow-up and the use of time-to-
first-event of clinical worsening as a primary end point in
recent trials that potentially led to censoring of patients
earlier in the course of disease. Long-term follow-up in
registries may allow further future analyses of this
important end point.

Since current guidelines emphasize initiation of therapy
with worsening functional capacity (defined by
functional class II or worse), measures of improving
exercise capacity were commonly reported. For these
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outcomes, we found that parenteral prostanoids were
associated with the highest probability of achieving
improvement in functional class compared with
placebo, as well as with individual agents, including
ERA, PDE5i, riociguat, selexipag, and the combination
of ERA þ PDE5i. Compared with placebo, ERA,
PDE5i, and their combination improved functional
class significantly, supported by moderate-quality
evidence. The combination of ERA þ PDE5i was also
associated with the highest probability of improving
6MWD, an outcome that has been suggested to be
associated with patient prognosis. Individual components
of this combination, as well as parenteral prostanoids,
were associated with significant improvement in
6MWD; however, the previously suggested minimal
clinically significant improvement for 6MWD was not
consistently achieved for this outcome. On the contrary,
nonparenteral prostanoids did not improve functional
status ormeasures ofmorbidity. Furthermore,medication
safety and tolerability, as assessed by adverse events
leading to discontinuation, were least favorable for
nonparenteral prostanoids, consistent with the results of a
recent meta-analysis.60 Hence, this provides evidence
against their role as primary therapy in the management
of PAH. Their suggested role as “ancillary therapy” in
clinical guidelines would need to be further investigated.
Next, although riociguat was associated with improved
rates of clinical worsening, it did not have a significant
effect on either functional class or 6MWDandmay not be
sufficient therapy in patients with decompensated disease
with poor functional status.

Our findings must be interpreted in light of the
following limitations. First, most results in our analysis
are supported by low- to moderate-quality evidence,
which, by definition, suggests that future studies are
likely to affect our confidence in these estimates
(e-Table 3). Differences in participant characteristics,
cointerventions, and outcome assessment downgraded
the quality of evidence. Although such conceptual
heterogeneity is a limitation inherent to any meta-
analysis, in PAH, variability in the characteristics of
enrolled patients and definitions for important outcomes
(clinical worsening) makes interpretation of evidence
challenging for clinicians and investigators. Moreover,
temporal evolution of PAH trials over time further adds
to this between-study variation. In our study, we
attempted to minimize heterogeneity by establishing
strict inclusion criteria for the trials and assessing
journal.publications.chestnet.org
outcomes at prespecified time points. We also
performed sensitivity analyses in more homogeneous
subgroups, specifically including only contemporary
trials and those with limited or no background PAH
therapy. Although these sensitivity analyses were
consistent with our primary findings, uniform criteria
for inclusion and outcome assessment for future trials
are necessary to generate high-quality evidence. Second,
because of the limited number of head-to-head trials,
comparisons between active agents were mainly derived
from lower-quality indirect evidence and should
therefore be interpreted with caution. Future
comparative efficacy trials are, therefore, warranted to
make definitive conclusions. Third, similar to previous
PAH meta-analyses,4,7,60,61 our analysis is somewhat
limited by the small number of RCTs available for each
drug; we had to combine the effect of multiple agents in
a drug class. It is possible that the efficacy of agents is
drug specific rather than class specific. Next, the
readership should be careful about “ecologic fallacy,”
since conclusions derived from group-level data may
not be applicable to individual patients. Fifth, multiple
ORs produced for the various pairwise comparisons
in network meta-analysis may be considered multiple
testing and therefore may be at risk for type 1 error and
represent chance findings. There are no established
techniques to address this; however, the consistency
among significant findings would suggest that such
effects may be limited. Finally, since most contemporary
trials were conducted with patients receiving one or
more agents as background therapy, it was not possible
to perform indirect comparisons among all direct classes
with agents only as monotherapy.

Conclusions
Among oral agents, ERA, PDE5i, and their combination
are associated with improvement in patient morbidity
(both clinical worsening and hospitalization) and
functional status. Other approved agents are associated
with improvement in different measures of efficacy, and
selection of an agent may be guided by the most desired
outcome for each particular patient. Our findings are
limited by few head-to-head trials and differences in
reporting across trials. We therefore emphasize the need
for future studies focusing on head-to-head comparisons
with uniform enrollment and outcome assessment to
improve comparability and produce higher-quality
evidence that informs clinical decision-making.
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