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Aim: No network meta-analysis has been conducted to study efficacy of drug therapies specific for treat-
ment of pulmonary arterial hypertension in treatment-naive patients only. Methods: Randomized con-
trolled trials on pulmonary arterial hypertension-specific drug therapies were searched and a Bayesian
network meta-analysis was performed. The 6-min walking distance (6MWD) and all-cause mortality were
efficacy outcomes, whereas discontinuation due to adverse events was a safety-related outcome. Results:
Analysis included 3.713 patients from 21 trials. Combination of ambrisentan and tadalafil showed the
greatest impact on 6MWD, followed by epoprostenol and intravenous treprostinil (high dose). The lat-
ter two demonstrated marked effect size on mortality, although not statistically significant. Conclusion:
According to 6MWD, ambrisentan/tadalafil combination was considered as most effective among all com-
parisons.

Prospero ID: CRD42019110832.

First draft submitted: 16 July 2019; Accepted for publication: 15 October 2019; Published online:
17 December 2019

Keywords: comparative effectiveness research • endothelin receptor antagonists • epoprostenol • mortality • net-
work meta-analysis • phosphodiesterase-5 inhibitors • pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is classified as a group 1 pulmonary hypertension (PH) and is defined
by mean pulmonary artery pressure ≥25 mmHg, pulmonary artery wedge pressure ≤15 mmHg and pulmonary
vascular resistance >3 Wood units, in the absence of other causes of precapillary PH (such as lung disease, chronic
thromboembolic disease and other rare diseases). For a definitive diagnosis of PAH, a hemodynamic assessment by
right heart catheterization is required [1]. The most widely used exercise test in PH centers remains to be 6-min
walking test, since an improvement of the measured 6-min walking distance (6MWD) is a valuable goal in patients
with PAH for its prognostic features of increased survival [1]. According to the REVEAL registry study (Registry to
Evaluate Early and Long-Term PAH Disease Management) several parameters were independently associated with
1-year survival and among these an increased mortality was associated with higher functional classes, and absolute
values of 6MWD less than 165 m [2]. In the last decade, a significant progress has been made in the treatment of
PH. Particularly, certain types of PAH are now being treated with recently authorized drugs, and nearly all have
been approved for use based on a change in 6MWD as a clinically relevant endpoint [3,4]. Currently, there are three
main pathways to which different drug classes interfere with purpose of treatment of PAH: prostacyclin pathway
(epoprostenol and prostacyclin analogs; prostacyclin receptor agonists), nitric oxide pathway (phosphodiesterase-5
inhibitors [PDE-5i] and cyclic guanylate cyclase stimulators) and endothelin pathway (selective and dual endothelin
receptor antagonists [ERAs]). All drug agents belonging to afore mentioned drug classes have been shown to improve
dyspnea, 6MWD, pulmonary hemodynamics and functional class [5]. Several meta-analyses were published recently
and have compared directly or indirectly the efficacy and/or safety of two or more drug agents within the same class
or between classes, with focus on oral medications, or compared monotherapy versus combination (background)
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therapy, either in all patients from selected randomized controlled trials, or groups with a specific subtype of PAH.
None of these have focused on PAH-specific drug therapies in treatment-naive patients [6–11].

Our objective was to conduct a systematic review of randomized controlled trials (RCTs) and to develop a
Bayesian network meta-analysis model to assess the comparative efficacy of drug therapies specific for PAH in
treatment-naive patients, based on 6MWD, mortality and discontinuation due to adverse events.

Methods
The protocol for the systematic review has been registered within international prospective register of systematic
reviews database (PROSPERO). The registration number is CRD42019110832.

Study identification
We have conducted a systematic literature search for published data in electronic databases PubMed, Embase,
Cochrane Library and ClinicalTrials.gov. Following subject terms were used in our searches: (‘pah’ OR ‘pulmonary
arterial hypertension’) AND (‘epoprostenol’ OR ‘treprostinil’ OR ‘iloprost’ OR ‘ambrisentan’ OR ‘bosentan’ OR
‘beraprost’ OR ‘macitentan’ OR ‘sildenafil’ OR ‘tadalafil’ OR ‘riociguat’ OR ‘selexipag’). The titles and abstracts
of all references were screened one by one to check their qualifications. The literature search was last updated in
December 2018.

Eligibility criteria
All search hits were first filtered to hits available in English language, refined by deleting duplicates and limited to
studies of a ‘RCT’ design. After reading the title and abstract, search hit was excluded, if the article: described a study
on patients from other WHO PH groups or no data for PH group 1 was available. Articles unrelated to PAH, case
reports or articles on studies with irrelevant interventions (either diagnostic or medical or pharmacological using
vardenafil or sitaxentan or conventional therapy not specific to PAH – calcium channel blockers, anticoagulants,
diuretics and other heart failure therapy) or design (cross-over, retrospective studies, observational) were also
excluded.

After reading full-text articles, studies were considered as applicable, if recognized as RCTs, where comparator
was either another PAH-specific drug, placebo or conventional therapy; reported the efficacy outcomes which are
commonly adopted in clinical trials of PAH, namely: 6MWD and mortality; evaluated patients with PAH were
primarily adults (although allowing patients under 18 years if most of the participants were adults); the minimal
follow-up period was 8 weeks; evaluated an intervention with a PAH-specific therapy (administered alone or in
a combination). At last, studies that included patients on PAH-specific background therapy were excluded, with
exception of those where the percent of included patients on PAH-specific background therapy was less than 50%.

Data extraction & outcome measures
Database search was performed by two reviewers (M Petrovič & I Locatelli) who independently extracted following
information from selected studies: first author, publication year, treatment and comparator arms, study design and
duration, number of randomized participants, number of participants in each study arm, changes in 6MWD at
2–9 months, death (all-cause mortality), discontinuation due to adverse events, baseline 6MWD and classification
of patients at baseline according to the WHO functional class (WHO FC). Additionally, for each study, the WHO
FC factor was calculated by multiplication of the functional class number (I to IV) and proportion of the patients
belonging to the respective WHO FC at baseline. Studies with the WHO FC factor calculated at 3 or above
were classified as evaluating severe PAH patients, while studies with WHO FC factor below 3 were considered as
evaluating PAH patients with low risk status.

For continuous outcome measure 6MWD, differences in the mean change from baseline (mean change) separately
for treatment and comparator arm and their standard errors were extracted or calculated [12]. For dichotomous
outcomes, the total number of patients (N) and the number of patients with events (n) were extracted or calculated
for each treatment.

Quality assessment
The quality of included trials was assessed by using the Cochrane Risk of Bias assessment tool. The risk of bias tool
covers six domains of bias: selections bias, performance bias, detection bias, attrition bias, reporting bias and other
bias [12].
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Network meta-analysis
A network meta-analysis (NMA) methodology allows for the combination of direct and indirect evidence for
comparison among several treatments. This approach is widely accepted by decision makers in the context of health
technology assessment [13,14]. The NMA was conducted by using a Bayesian framework in Openbugs version
3.2.3. Random effect models, adjusted to allow comparison of RCTs with more than two arms, were utilized for
this analysis and the parameter estimation was performed using noninformative prior distributions [15]. Moreover,
Bayesian technique enables rank ordering of each treatment included in the NMA. The rank order was calculated
for each treatment with respect to the considered outcome (6MWD, mortality and discontinuation due to adverse
events). For the continuous outcome (i.e., mean change in 6MWD), a regression model with a normal likelihood
distribution and identity link was used, while a binomial distribution and logit link were used for dichotomous
outcomes (i.e., mortality, and discontinuation due to adverse events) [15]. For continuous outcome, mean difference
in change from baseline over study follow-up period was reported along with the 95% credible interval (CrI). CrIs
are the Bayesian equivalent of CIs. For dichotomous outcomes, median values of the odds ratio (OR) and 95% CrI
were reported. Results were considered statistically significant if the 95% CrI did not include zero for continuous
outcome variables or one for dichotomous outcome variables.

Models were evaluated using the deviance information criterion (DIC), a measure which combines model fit
and complexity of the model. The goodness-of-fit was measured using the overall residual deviance (Dres) and the
degree of heterogeneity, defined as between-trial precision and between-trial standard deviation (for continuous
outcome) or coefficient of variation (for dichotomous outcomes). Models with the lowest DIC or Dres value in
relation to the number of data points were selected [16,17]. All the outcomes were assessed using random effects
models. The initial 10,000 iterations of models were discarded as ‘burn-ins’, and models were run for 100,000
iterations to ensure convergence.

For evaluation of inconsistency, a node-splitting analysis was used to assess whether direct and indirect evidence
on a specific node (the split node of a closed loop in the network) are united [18]. Triangular loops were identified
in two networks (two for 6MWD network and one for the all-cause mortality network).

Sensitivity analysis
To examine the influence of studies having a high or unclear risk of bias on NMA results, a sensitivity analysis was
performed separately for all three outcomes by including only studies with low risk of bias. In addition, a network
meta-regression analysis with a subgroup indicator covariate (dichotomized WHO FC factor) was performed to
examine differences in efficacy of treatments between patients with severe PAH and patients with low risk status.
In this analysis, a common covariate effect across comparisons was assumed for the 6MWD outcome [15].

Results
Included studies
A total of 12.971 potentially relevant publications were identified by literature. After removing duplicates, and
reviewing 533 articles, further 265 articles were excluded due to irrelevant titles and abstracts. After full text review
of articles, 230 articles were removed for various reasons (as described in Figure 1). At last, 21 RCTs met the
inclusion criteria and were retrieved for data extraction [4,19–37].

Characteristics & quality of included studies
Table 1 lists main characteristics of selected studies including first author, publication year, trial acronym (if existing),
study design, description of PAH therapy in the treatment and comparator arms and number of belonging patients,
route of administration, baseline value of 6MWD and proportion of patients distributed per FC. A total of 3.713
patients were included in the analysis. Nineteen studies compared at least one dose of PAH-specific drug therapy
with placebo. Two studies directly compared two or more PAH-specific drug therapies without placebo [19,27].
A single study evaluated combination of two different PAH-specific drug therapies [19]. Five studies compared
different doses of the same PAH-specific drug against placebo, namely ambrisentan [24], bosentan [31], sildenafil [26]

and tadalafil [23]. The latter study was mainly performed on patients using bosentan as a background therapy,
however, only results of subgroup analysis on treatment-naive patients were included. The same approach was
taken for the study with riociguat [4]. Figure 2 shows three network diagrams of treatments, which were evaluated
in studies separately for outcomes 6MWD, all-cause mortality and discontinuation due to adverse event.
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12,971 of records identified through database
searching

Id
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tif
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io

n
S

cr
ee

ni
ng

E
lig

ib
ili

ty
In

cl
ud

ed
8654 of records after duplicates removed 8121 of records excluded not in

English, basic science articles, 
animal studies, exclusively

pediatric patients

14 studies excluded with reason
for enrolling patients on

background therapy

230 of full-text articles excluded,
with reasons:

– Non-applicable study design
– Other WHO groups studied or
   no data for group 1
– Exclusively pediatric or
   neonatal patients
– Studies not reporting any of
   the outcome of interest
– Irrelevant intervention

533 of records screened based
on title/abstract

265 of full-text articles
assessed for eligibility

35 of studies included in 
qualitative synthesis

21 of studies included in 
quantitative synthesis

 (meta-analysis)

Figure 1. Study selection flowchart.

Majority of studies reported adequate randomization and allocation concealment. For six RCTs, high risk of bias
was evaluated for blinding of participants and personnel or outcome assessment, whereas two RCTs were evaluated
as having an unclear risk of bias with respect to blinding of outcome assessment, two studies were exposed to other
bias [21,23,28–30,32,35–37]. Three of these RCTs had an open label design (all studies with epoprostenol). Overall,
most studies had a low to moderate risk of bias. Summary risk of bias and overall risk of bias are presented in
Supplementary Material 1 & 2.

Efficacy outcome 6MWD
The outcome was reported in 21 RCTs with 43 comparisons and nine different PAH-specific drugs with one
combination treatment. Initially, different dose or administration of the same drug was considered as a separate
intervention. This resulted in 22 different treatments (with placebo), which were analyzed in the full NMA model.
Results of this NMA model are presented in the Supplementary Material 3.

The full NMA model was then reduced in terms of number of interventions (treatments) as follows. The lowest
dose of ambrisentan (2.5 mg) from the ARIES-2 study did not show statistically significantly better effect than
placebo (22.0 m; 95% CrI: -7, 48) and was excluded from further analysis. Additionally, the other ambrisentan
study arms (5 and 10 mg doses) were combined into a single ambrisentan treatment as the effect sizes were similar
and were not statistically significantly different. Similarly, the sildenafil study arms (20, 40, 50 and 80 mg) were
combined into a single sildenafil treatment. However, for tadalafil study arms (2.5, 10, 20 and 40 mg), only the
40 mg study arm was included in further analysis, the other three study arms were excluded. Furthermore, 250 mg
dose of bosentan from the BREATHE-1 study showed a better effect than the 125 mg dose of bosentan (48 m;
95% CrI: 24, 72; versus 28 m; 95% CrI: 13, 42, respectively); therefore, these two interventions were analyzed as
separate treatments (BSNT125 and BSNT250). Oral formulations of treprostinil and beraprost performed better

12 J. Comp. Eff. Res. (2020) 9(1) future science group
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ASTN + TDLF TDLF
1

1

1
1 1

1

1
1

1

1

1

1

1

1 1

1

1
1

1

1

3

2

2

3

3

3

2 5

41

3

4

SLDF BSNT125

ASNT

EPOP

EPOP

SCTREP

BSNT250Placebo
SCTREP

ORTREBEP

Discontinuation due to AE

All-cause mortality

ORTREBEP PDE-5i PDE-5i + ERA

ERA

ERA

RCTG

ORTREBEP ILOP

ILOP

ILOP

IVTREP

IVTREP

IVSC PCA

6MWD

Placebo

Placebo

Figure 2. Graphic display of the network for all three outcomes: 6-min walking distance, all-cause mortality and discontinuation due to
adverse event.
6MWD: 6-min walking distance; AE: Adverse event; ASNT: Ambrisentan; BSNT125: Bosentan 125 mg dose; BSNT250: Bosentan 250 mg
dose; EPOP: Epoprostenol; ERA: Endothelin receptor antagonists ambrisentan 5 mg dose, ambrisentan 10 mg dose, bosentan 125 mg dose
or bosentan 250 mg dose; ILOP: Iloprost; IVTREP: Treprostinil, administered iv.; ORTREBEP: Treprostinil or beraprost administered per os;
PDE5i: Sildenafil; RCGT: Riociguat; SLDF: Sildenafil; TDLF: Tadalafil 40 mg dose.

than placebo. Since effects were very similar (26 m; 95% CrI: 12, 40; and 26 m; 95% CrI: 7.2, 45, respectively) these
two drugs were combined into a single intervention (ORTREBEP). Additionally, in the study with intravenous
(iv.) treprostinil (or ‘high dose’ treprostinil) an eightfold higher doses of treprostinil at the time of the outcome
assessment were used compared with two studies with subcutaneous (sc.) treprostinil (mean dose for iv. treprostinil
72 ng/kg/min compared with 13 and 9 ng/kg/min for sc. treprostinil) [21,29,33]. Consequently, as the bioavailability
of iv. and sc. treprostinil is similar, these treatments remained separated.

Following reductions in the number of analyzed treatments as described above, 25 direct comparisons were
achieved, incorporating 12 PAH treatments in the final NMA model. Results of the final model are presented in
Table 2. Furthermore, the final model presented with lower DIC value and better Dres value compared with the full
model, indicating better model fit. The treatment with the lowest mean rank in the final model, in other words,
value of 1.9, was a combination of tadalafil and ambrisentan, implicating the highest efficacy, while the treatment
with the highest mean rank of 11.9 was sc. treprostinil, implicating the lowest efficacy among PAH treatments.
Individual rankings for remaining ten PAH treatments and the results of all mutual comparisons are presented in
the Table 2.

All PAH treatments in the final NMA model performed statistically significantly better than placebo except
for iv. treprostinil. Similarly, better improvement of the 6MWD mean difference was evident for majority of
PAH treatments compared with sc. treprostinil. In addition, combination of tadalafil and ambrisentan performed
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Ta
b

le
2.

M
u

tu
al

co
m

p
ar

is
o

n
o

f
m

ea
n

d
if

fe
re

n
ce

s
in

b
as

el
in

e
ch

an
g

e
o

f
6-

m
in

w
al

k
d

is
ta

n
ce

fo
r

p
u

lm
o

n
ar

y
ar

te
ri

al
h

yp
er

te
n

si
o

n
-s

p
ec

ifi
c

d
ru

g
s

w
it

h
95

%
cr

ed
ib

le
in

te
rv

al
in

p
ar

en
th

es
is

.
M

ea
n

ra
n

k
(Q

1,
Q

3)
Tr

ea
tm

en
t

Pl
ac

eb
o

SC
TR

EP
B

SN
T1

25
O

R
TR

EB
EP

IL
O

P
R

C
G

T
TD

LF
A

SN
T

SL
D

F
B

SN
T2

50
EP

O
P

IV
TR

EP

1.
9

(1
,2

)
TD

LF
+

A
SN

T
68 (5

0,
87

)
58 (3

8,
78

)
43 (1

9,
65

)
42 (2

1,
63

)
32 (3

.0
,6

2)
31 (-

0.
9,

62
)

26 (1
2,

39
)

22 (6
.7

,3
7)

22 (-
0.

6,
45

)
20 (-

8.
3,

48
)

11 (-
21

,4
4)

-3
.7

(-
85

,7
5)

3.
6

(1
,6

)
IV

TR
EP

72 (-
2.

8,
15

1)
62 (-

14
,1

40
)

47 (-
28

,1
28

)
46 (-

31
,1

24
)

36 (-
44

,1
20

)
35 (-

44
,1

16
)

30 (-
47

,1
10

)
26 (-

51
,1

07
)

26 (-
50

,1
05

)
24 (-

56
,1

06
)

15 (-
64

,1
00

)

3.
6

(2
,5

)
EP

O
P

57 (3
1,

82
)

47 (2
0,

73
)

32 (1
.8

,6
2)

31 (2
.8

,5
8)

21 (-
14

,5
6)

20 (-
17

,5
7)

15 (-
16

,4
4)

11 (-
19

,4
0)

11 (-
18

,3
9)

9.
0

(-
26

,4
4)

5.
1

(3
,7

)
B

SN
T2

50
48 (2

6,
70

)
38 (1

4,
61

)
23 (0

.5
,4

4)
22 (-

2.
6,

47
)

12 (-
21

,4
4)

11 (-
23

,4
4)

5.
7

(-
21

,3
2)

1.
8

(-
25

,2
8)

1.
8

(-
24

,2
7)

5.
4

(4
,7

)
SL

D
F

46 (3
4,

59
)

36 (2
2,

51
)

21 (1
.8

,4
0)

20 (3
.2

,3
7)

10 (-
16

,3
8)

9.
1

(-
18

,3
8)

3.
9

(-
16

,2
4)

0.
03

(-
19

,2
0)

5.
4

(4
,7

)
A

SN
T

46 (3
2,

61
)

36 (2
0,

52
)

21 (-
0.

1,
42

)
20 (1

.9
,3

8)
10 (-

17
,3

8)
9.

1
(-

20
,3

8)
3.

9
(-

10
,1

8)

6.
4

(5
,8

)
TD

LF
43 (2

8,
58

)
32 (1

6,
49

)
17 (-

3.
5,

37
)

16 (-
2.

0,
35

)
6.

4
(-

21
,3

4)
5.

2
(-

24
,3

4)

7.
4

(6
,9

)
R

C
G

T
37 (1

2,
62

)
27 (0

.8
,5

3)
12 (-

17
,4

1)
11 (-

16
,3

8)
1.

2
(-

33
,3

7)

7.
6

(6
,9

)
IL

O
P

36 (1
3,

59
)

26 (1
.3

,5
0)

11 (-
17

,3
8)

10 (-
16

,3
5)

9.
8

(9
,1

1)
O

R
TR

EB
EP

26 (1
5,

37
)

16 (2
.5

,2
9)

0.
7

(-
18

,1
9)

9.
9

(9
,1

1)
B

SN
T1

25
26 (1

1,
40

)
15 (-

1.
2,

31
)

11
.9

(1
2,

12
)

SC
TR

EP
10 (3

.1
,1

8)

Tr
ea

tm
en

ts
in

ro
w

s
ar

e
ra

nk
ed

fr
om

th
e

be
st

(lo
w

es
t

ra
nk

)t
o

th
e

w
or

st
.N

um
be

rs
in

bo
ld

re
pr

es
en

t
st

at
is

tic
al

ly
si

gn
ifi

ca
nt

di
ff

er
en

ce
s.

D
IC

:3
55

.6
;D

re
s

=
43

.3
;N

=
44

;t
au

:0
.1

9
[0

.0
1,

23
];

SD
:2

.3
m

[0
.2

,8
.8

].
A

SN
T:

A
m

br
is

en
ta

n;
BS

N
T1

25
:B

os
en

ta
n

12
5

m
g

do
se

;B
SN

T2
50

:B
os

en
ta

n
25

0
m

g
do

se
;C

rI:
C

re
di

bl
e

in
te

rv
al

;D
IC

:D
ev

ia
nc

e
in

fo
rm

at
io

n
cr

ite
rio

n;
D

re
s:

O
ve

ra
ll

re
si

du
al

de
vi

an
ce

;E
PO

P:
Ep

op
ro

st
en

ol
;i

v.
:I

nt
ra

ve
no

us
;I

LO
P:

Ilo
pr

os
t;

IV
TR

EP
:

Tr
ep

ro
st

in
il,

ad
m

in
is

te
re

d
iv

.;
O

RT
RE

BE
P:

Tr
ep

ro
st

in
il

or
be

ra
pr

os
ta

dm
in

is
te

re
d

pe
ro

s;
N

:N
um

be
ro

fd
at

a
po

in
ts

;Q
1:

Fi
rs

tq
ua

rt
ile

;Q
3:

Th
ird

qu
ar

til
e;

RC
G

T:
Ri

oc
ig

ua
t;

sc
.:

Su
bc

ut
an

eo
us

;S
C

TR
EP

:T
re

pr
os

tin
il,

ad
m

in
is

te
re

d
sc

.;
SD

:B
et

w
ee

n-
tr

ia
l

st
an

da
rd

de
vi

at
io

n;
SL

D
F:

Si
ld

en
afi

l;
ta

u:
Be

tw
ee

n-
tr

ia
lp

re
ci

si
on

(m
ed

ia
n

w
ith

95
%

C
rI)

;T
D

LF
:T

ad
al

afi
l4

0
m

g
do

se
.

14 J. Comp. Eff. Res. (2020) 9(1) future science group



Network meta-analysis of PAH therapies Research Article

statistically significantly better than 125 mg bosentan (43 m, 95% CrI: 19, 65), oral treprostinil or beraprost (42 m,
95% CrI: 21, 63), iloprost (32 m, 95% CrI: 3, 62), 40 mg tadalafil (26 m, 95% CrI: 12, 39) and ambrisentan
(22 m, 95% CrI: 7, 37). The placebo compared effect size of i.v treprostinil (high dose) is the greatest (72 m,
95% CrI: -3, 151), however, due to a large variability in the estimate (small sample size of TRUST-1 study)
the effect is not statistically significant. On the other hand, the mean ranks of epoprostenol and iv. treprostinil
were comparable. Epoprostenol performed statistically significantly better than sc. teprostinil (47 m, 95% CrI:
20, 73), 125 mg bosentan (32 m, 95% CrI: 2, 62) and oral treprostinil or beraprost (31 m, 95% CrI: 3, 58).
Bosentan 250 mg showed statistically significantly better effect also when compared with 125 mg bosentan (23 m;
95% CrI: 1, 44). The mean ranks and placebo compared effect sizes of 250 mg bosentan, ambrisentan, sildenafil
and 40 mg tadalafil were very similar. Based on the final NMA model for 6MWD PAH treatments can be rank
ordered as follows: tadalafil and ambrisentan combined > epoprostenol = iv. treprostinil (high dose) >250 mg
bosentan = ambrisentan = sildenafil = 40 mg tadalafil > riociguat = iloprost > oral treprostinil or beraprost = 125 mg
bosentan > sc. treprostinil (for the eightfold lower dose compared with iv. route of administration).

The network meta-regression model with WHO FC factor as a covariate had lower DIC value (353.3) and lower
Dres value (40.3) at 44 data points, which indicates slightly better model fit. The effect of WHO FC factor was
estimated at 29 m (95% CrI: 1, 57) for higher FC factor (severe patients) compared with lower WHO FC factor
(low-risk patients), indicating that studies with severe patients obtained higher effect size of the PAH treatment
over placebo than studies with low-risk patients. Based on network meta-regression model PAH treatments can
be rank ordered as follows: tadalafil and ambrisentan combined > ambrisentan = sildenafil = iv. treprostinil (high
dose) >40 mg tadalafil = riociguat > epoprostenol = 250 mg bosentan > oral treprostinil or beraprost >125 mg
bosentan > iloprost > sc. treprostinil (detailed results not shown).

Efficacy outcome all-cause mortality
The outcome was reported in 16 RCTs that included eight different PAH treatments (no data for riociguat study
was obtained). The starting model included the same distribution of PAH treatments as in the final model for the
6MWD outcome. However, in order to achieve the convergence of the NMA model, ambrisentan and bosentan
(125 and 250 mg) were combined into a single treatment (ERA), similarly, sildenafil and 40 mg tadalafil were
combined into a PDE-5i treatment. In the end, the NMA model included 9 treatments and 18 comparisons
(Figure 2). None of the eight PAH treatments showed statistically significant reduction in mortality compared
with placebo, however, the marked effect sizes for epoprostenol, ERA, iv. treprostinil (high dose) and iloprost were
observed with ORs between 0.21 and 0.26. These four treatments also have similar mean ranks. Besides, the OR
for epoprostenol and ERA were borderline significant due to smaller variability of the estimate. Based on NMA
model for all-cause mortality, PAH treatments can be rank ordered as follows: epoprostenol = ERA = iv. treprostinil
(high dose) = iloprost > PDE-5i and ERA combined = sc. treprostinil = PDE-5i > oral treprostinil or beraprost.
Detailed results are presented in Table 3.

Discontinuation due to adverse event
The outcome was reported in 12 RCTs with 12 comparisons. For the NMA model, sc. and iv. treprostinil were
combined with epoprostenol to parenteral prostacyclin analogs (IV SC PCA), while ambrisentan and bosentan were
combined to ERA (Figure 2). As a result, four PAH treatments were compared, namely; parenteral prostacyclin
analogs, iloprost, ERA and oral treprostinil or beraprost. None of these results proved to be statistically significant
when compared with placebo. Moreover, parenteral prostacyclin analogs as well as oral treprostinil or beraprost
showed higher likelihood for treatment discontinuation due to adverse events when compared with placebo.
However, iloprost and ERA presented statistically significant lower likelihood for discontinuation due to adverse
events when compared with i.v or sc. prostacyclin analogs (median OR for iloprost: 0.05; 95% CrI: 0.003, 0.9;
and median OR for ERA: 0.11; 95% CrI: 0.01, 0.8). According to the NMA model, the likelihood for treatment
discontinuation due to adverse event can be rank ordered as follows: iloprost = ambrisentan or bosentan < oral
treprostinil or beraprost < parenteral prostacyclin analogs. Detailed results are presented in Table 4.

Sensitivity analysis on studies with low risk of bias
In total, nine studies with high or unclear risk of bias were excluded [21,23,28–30,32,35–37]. Compared with the final
model for 6MWD, three treatments (epoprostenol, iloprost and iv. treprostinil) were omitted and one treatment
modified (as studies with beraprost were excluded, ORTREBEP includes oral treprostinil only). The reduced
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Table 4. Mutual comparison of the outcome discontinuation due to adverse event expressed as the median values of
odds ratios with 95% credible interval in parenthesis.
Mean rank
(Q1, Q3)

Treatment Placebo IV SC PCA ERA ORTREBEP

1.5 (1, 2) ILOP 0.38 (0.04, 3.6) 0.05 (0.003, 0.9) 0.09 (0.004, 1.2) 0.48 (0.04, 6.0)

2.1 (2, 3) ERA 0.80 (0.25, 2.4) 0.11 (0.01, 0.8) 0.18 (0.02, 1.1)

4.3 (4, 5) ORTREBEP 4.3 (1.1, 25) 0.62 (0.07, 7.1)

4.6 (4, 5) IV SC PCA 7.0 (1.4, 43)

Treatments in rows are ranked from the best (lowest rank) to the worst. The odds ratios below 1 favor the row-defining treatment. No statistically significant differences were observed.
DIC: 109.9; Dres = 25.8; N = 24; tau: 2.95 (0.001, 3.3); CV: 0.58 (0.55, 32).
Cr: Credible interval; CV: Between-trial coefficient of variation (median with 95% CrI); DIC: Deviance information criterion; Dres: Overall residual deviance; ERA: Endothelin receptor
antagonists ambrisentan or bosentan; iv.: Intravenous; ILOP: Iloprost; IV SC PCA: Prostacyclin analogs epoprostenol or treprostinil administered sc. or iv.; N: Number of data points;
ORTREBEP: Treprostinil or beraprost administered per os; Q1: First quartile; Q3: Third quartile; sc.: Subcutaneous; tau: Between-trial precision (median with 95% CrI).

model had a lower value of DIC (200.9), and Dres value of 27.3 at 26 data points which indicates poorer model fit.
Based on the reduced model PAH treatments can be rank ordered as follows: tadalafil and ambrisentan combined
>250 mg bosentan = sildenafil = ambrisentan >40 mg tadalafil = riociguat > oral treprostinil = 125 mg bosentan
> sc. treprostinil. Compared with the final NMA model the reduced model presented similar rankings and effect
on mean differences was negligible (detailed results not shown).

Same approach was taken for the outcome mortality. Following the exclusion of four PAH treatments (iv.
treprostinil, iloprost, epoprostenol and beraprost), only nine studies with six treatments (ERA, PDE-5i, combination
of PDE-5i and ERA, sc. treprostinil, oral treprostinil and placebo) were considered for the analysis. This led to
reduced heterogeneity (0.45; 95% CrI: 0.0008, 3.5), and reduced values of DIC (81.3) and Dres (18.5 at 19 data
points), indicating better model fit. Similarly, as for the outcome 6MWD, the reduced model for the outcome
mortality presented comparable rankings and effect size as in original NMA but with fewer treatment options
(detailed results not shown).

For the outcome discontinuation due to adverse events, the original NMA was modified by reducing the number
of studies (from 12 to 6). After exclusion of PAH treatments such as are iloprost, beraprost and iv. treprostinil,
three PAH treatments were considered for the NMA model: sc. treprostinil, oral treprostinil and ERA (ambrisentan
or bosentan). The NMA model could not generate successful convergence of parameters for the full 100,000
iterations.

Study consistency & heterogeneity
Treatment estimates from direct and indirect evidence on 6MWD did not show loop-specific inconsistency. A
95% CI for the inconsistency estimate on 6MWD overlapped with 0 value suggested that there was no statistically
significant evidence of different direct and indirect treatment effects. Similarly, was suggested for the inconsistency
estimate on all-cause mortality. Nonetheless, wide CIs were indicative of lower power to observe evidence of
heterogeneity. Data are presented in Supplementary Material 4 & 5.

The network for 6MWD indicated the presence of low heterogeneity standard deviation for between trial effect
size was only 2.3 m, whereas networks for discontinuation due to adverse event and all-cause mortality showed
moderate to high heterogeneity, in other words, coefficient of variation for between trial effect size was 0.58 and
0.94, respectively.

Discussion
Recently published meta-analyses have compared directly or indirectly the efficacy and/or safety of two or more
drug agents within the same class or between classes, or compared monotherapy versus combination (background)
therapy, but none of these have focused solely on patients who have never undergone a PAH-specific drug
therapy [6–11,38]. In addition, we have evaluated the influence of different doses of PAH specific drugs and WHO
FC classifications on treatment comparisons, which was not addressed in other meta-analyses. Based on prior
research of direct and indirect evidence, this NMA compared PAH-specific drug therapies for efficacy and safety
in 21 RCTs with 3.713 enrolled treatment-naive patients. We obtained ranking probabilities for nine drug agents
of different strengths and formulations (beraprost, epoprostenol, treprostinil, iloprost, ambrisentan, bosentan,
sildenafil, tadalafil and riociguat) for outcomes 6MWD, all-cause mortality and discontinuation due to adverse
event. These results suggested that combination of tadalafil (40 mg) and ambrisentan (10 mg) proved to have a
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greater impact on the outcome of 6MWD over compared treatments, followed by epoprostenol and iv. treprostinil
(high dose) although the estimate of effect size of treprostinil was very uncertain. In view of the predefined increase
of ≥33 meters in 6MWD from baseline characterizing a minimal clinically important difference, associated with
lower mortality and improved functional status, combination of tadalafil and ambrisentan, epoprostenol, treprostinil
(high dose), bosentan (250 mg dose), sildenafil, ambrisentan, tadalafil, riociguat and iloprost have demonstrated
such improvement of 6MWD when compared with placebo [39]. However, differences between these treatments
cannot be considered as clinically significant.

With the availability of therapies that target multiple pathogenic pathways, and by considering patient’s level of
risk, combination therapy should be offered to all PAH patients [1,40]. However, with exception of the AMBITION
trial, data on direct comparisons of combination therapy and monotherapy, initiated in newly diagnosed patients
is lacking. For this reason, presented NMAs give a limited insight into comparison of the combination therapy
against monotherapies in newly diagnosed patients. Even though real-world data also support initiation of therapy
with combination of ERA and a PDE-5i proving to be associated with significant improvements in WHO FC,
exercise capacity and hemodynamics; such fact raises a question whether and to what extent an initiation of a
monotherapy is still substantial [40]. Initiation of monotherapy may be suitable for patients in the low risk category
(treatment-naive patients with WHO FC II symptoms), particularly if the use of an ERA or a PDE-5i/soluble
guanylate cyclase stimulator is contraindicated or is not tolerated [5,41]. Regardless of these facts, epoprostenol is
the only therapy with class I recommendation and highest evidence level for patients in WHO FC IV; but the
prostacyclin pathway may also be targeted with other oral prostacyclin analogs in patients with WHO FC II and
III [1].

Other prostacyclin analogs included in our NMA were beraprost and treprostinil, and oral formulations of both
were considered as equivalent in terms of effect size in relation to 6MWD. Because of up to eightfold difference
(72 ng/kg/min vs 13 or 9 ng/kg/min) between mean doses at the time of outcome assessment in the RCTs, two
separate treatments of parenteral formulation of treprostinil (per sc. or iv. route of administration) were considered
in the conducted NMAs. This approach was not applied for epoprostenol, since differences of the mean doses
from the applicable RCTs were minor (11, 9.2 and 7.1 ng/kg/min) [35–37]. However, among these parenteral
PAH-specific drugs, iv. treprostinil demonstrated the greatest effect size on the 6MWD, however, this estimate was
not proved to be statistically significant from placebo due to a small sample size. On the contrary, RCTs evaluating
sc. treprostinil enrolled a greater sample of severely ill patients, but the effect on the 6MWD proved to be smallest,
which is most likely associated with higher average baseline values of 6MWD in treatment arms (326 and 373 m)
and lower mean doses of treprostinil administered via sc. route compared with iv. route [29,33]. In addition, RCTs
evaluating efficacy of iv. treprostinil or epoprostenol also enrolled severely ill treatment-naive patients categorized
to WHO FC III or IV, who have demonstrated the mean baseline values of 6MWD from approximately 250 m
up to 316 m, and thus allowing a greater improvement of walked distance [21,36]. This is also supported by our
meta-regression NMA, which indicates that studies with severe patients obtained higher effect size of the PAH
treatment over placebo than studies with low-risk patients. Consequently, as the study with 250 mg bosentan
included severe patients, the significant difference in the effect size of 250 mg dose versus 125 mg bosentan dose
was diminished in results from the meta-regression NMA. Similarly, the estimate of effect size of epoprostenol,
assessed on studies with severe patients only, was smaller in the meta-regression NMA.

Our NMA demonstrated that epoprostenol, ERA, iv. treprostinil (high dose) and iloprost having favorable and
comparable effect size on outcome mortality in newly diagnosed patients, but statistically nonsignificant. Similar
findings were reported in recent NMAs by Gao et al. and Jain et al., who did not observe significant differences
in mortality between prostanoids, ERAs or PDE-5is, its combination and placebo regardless of drug dosage forms
and existing PAH-specific drug therapy at the time of enrollment [9,10].

Higher risk of withdrawal with prostacyclin analogs when compared with ERA and placebo was observed by
Lin et al., but these differences were not statistically significant [38]. Similar is demonstrated by the NMA, where
IVSC PCA (epoprostenol or treprostinil, administered iv. or sc.) indicated higher likelihood for the outcome
discontinuation due to adverse event. Nonetheless, data on frequency of events as are death and discontinuation
due to adverse events are available from RCTs of PAH-specific drugs on a small population sample of patients, who
were observed for a short period of time. Hence, the appropriate estimation of drug effect on disease progression
or death is not plausible.

Clinical trials in PAH have historically implemented the 6MWD as the primary outcome measure and a surrogate
endpoint representing the true response to targeted drug therapies in patients with PAH, particularly pivotal trials
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of an older date [26,31,33,35–37]. Although baseline 6MWD has a good selective capacity to prognosticate patients at
the time of diagnosis, its utility as a primary end point has been challenged in recent years, since it has not proved to
be a suitable indicator of long-term prognosis with treatment [42]. Pharmacological approach of disease management
temporary improves clinical signs, delays disease progression, but eventually a great number of patients suffer from
right heart failure and death [43]. Beforetime patient’s health-related quality of life is already affected by possible
adverse reactions caused by PAH-specific drug therapy, especially if the patient is administered drugs via parenteral
route [44]. Among other goals are improvement of functional class and 6MWD to more than 440 m, PAH treatment
goals include preventing disease progression, increasing patient survival and improving health-related quality of
life [1,45]. Gabler et al., and the outcomes of ten RCTs revealed that significant threshold effect in decreasing the
incidence of clinical events is 41.8 m [46]. This NMA demonstrates that ambrisentan in combination with tadalafil,
or monotherapies with bosentan 250 mg, or sildenafil or ambrisentan could affect treatment-naive patients in such
manner.

Study limitations
Our findings are limited, because data on direct comparisons of combination therapy and monotherapy, initiated
in newly diagnosed patients is lacking. Second, the scope of studies from 20 years ago was less complex with respect
to studied endpoints. We have therefore chosen the most common endpoints with aim to include the maximum
number of RCTs into the NMA. Third, the lack of reporting on mortality and treatment discontinuation outcomes
from RCTs included in our NMAs led to insufficient dataset, affecting comparisons of all doses and treatments
studied in the selected RTCs. Moreover, for this reason we failed to show statistically significant results of otherwise
large effect sizes of tested treatments compared with placebo. In addition, patient sample sizes from included RTCs
differentiated across treatment and comparator arms, resulting in comparisons of different proportions and leading
to increased uncertainty of the effect sizes. While meta-analysis assumes that included RCTs were sufficiently
similar in most respects other than the treatments under this NMA, statistical assessment of this assumption was
limited by low power, although little evidence of network inconsistency was found. In addition, study designs,
patients’ etiology, demographics and follow-up duration remained unclarified in our NMA. Furthermore, RCTs
from 20 years ago included patients classified as WHO FC III or IV, whereas studies of a more recent date included
patients where a vast majority of them was classified as WHO FC II or III. However, this was partly addressed
using network meta-regression model. At last, to expand our NMA with data on use of macitentan and selexipag
in treatment-naive patients, and to confirm our results, particularly regarding the influence of the dose, treatment
administration and WHO FC classification on the treatment comparisons, a meta-analysis from a patient-level
would be of a great value.

Conclusion & relevance
A Bayesian NMA on efficacy of PAH-specific drug therapies for use in treatment-naive patients demonstrated that
the combination of ambrisentan and tadalafil had the greatest improvement of 6MWD, followed by epoprostenol
and high doses of parenteral treprostinil. None of treatment comparisons demonstrated significant difference on
mortality or discontinuation due to adverse event. Furthermore, among PAH-specific oral drug monotherapies
evaluated in this NMA, bosentan (250 mg dose), ambrisentan, sildenafil and tadalafil (40 mg dose) had the greatest
effect on the 6MWD, followed by riociguat. Our findings are limited, because data on direct comparisons of
combination therapy and monotherapy is lacking and further studies in this field are warranted.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/sup
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Summary points

• No meta-analysis for direct and indirect comparisons has been conducted to study efficacy of drug-therapies
specific for treatment of pulmonary arterial hypertension (PAH) in newly diagnosed patients only. In addition, we
have evaluated the influence of different doses of PAH-specific drugs and WHO functional class classifications on
treatment comparisons.

• For the purpose of this systematic review of randomized controlled trials (RCT), a Bayesian network meta-analysis
model was developed to assess the comparative efficacy of drug therapies specific for PAH in treatment-naive
patients.

• The 6-min walking distance and all-cause mortality were efficacy outcomes whereas discontinuation due to
adverse events was a safety-related outcome.

• This report describes 21 RCTs which were retrieved for data extraction with 3.713 treatment-naive patients
included in the analysis.

• Combination of ambrisentan and tadalafil demonstrated greatest improvement of 6-min walking distance
among other treatment comparisons, followed by epoprostenol and intravenous treprostinil (high dose).

• None of treatment comparisons showed significant association with outcomes mortality or discontinuation due
to adverse events.

• Data on direct head-to-head comparisons of monotherapies and combination therapies in newly diagnosed
patients is limited, requiring further comparative efficacy trials.
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