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A B S T R A C T

Background: Chronic thromboembolic pulmonary hypertension (CTEPH) is a major risk for pulmonary hyper-
tension with poor prognosis. Limited data is available on the optimal treatment of choice. We aimed to
comprehensively assess the efficacy and safety of CTEPH targeted therapies and update the evidence.
Methods: We searched PubMed, Scopus, and the Cochrane library up to December 2023 to include randomized
controlled trials comparing different therapies in patients with CTEPH. Primary outcomes were 6-minute walk
distance (6 MWD), pulmonary vascular resistance (PVR), and mean pulmonary artery pressure (mPAP). While
secondary outcomes were the mean right atrial pressure (mRAP), Borg dyspnea score, cardiac output (CO),
cardiac index, adverse events, and all-cause mortality.
Results: Fourteen RCTs comprising 1047 patients were included in this network meta-analysis. Regarding 6
MWD, PADN (MD=113.59, 95% CI: 53.80; 173.39), BPA (MD=48.84, 95% CI: 27.99; 69.69), riociguat
(MD=42.59, 95% CI: 22.01; 63.18), treprostinil (MD=41.60, 95% CI: 17.07; 66.13), and macitentan (MD=34.00,
95% CI: 3.50; 64.50) were favored compared to placebo. In terms of PVR, BPA (MD=-392.19, 95% CI: -571.77;
-212.62), treprostinil (MD=-287.20, 95% CI: -475.63; -98.77), PADN (MD=-280.61, 95% CI: -506.69; -54.52),
bosentan (MD=-176.00, 95% CI: -340.91; -11.09), and riociguat (MD=-171.61, 95% CI: -298.40; -44.81) dis-
played statistically significant results.
Conclusion: Current therapeutic modalities are effective in terms of improving exercise capacity, pulmonary
hemodynamics, and reducing adverse events and all-cause mortality. Overall, BPA and PADN were superior to all
other targeted medications in the studied outcomes.

1. Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is a
progressive pulmonary vascular disease that is considered one of the
major causes of severe pulmonary arterial hypertension (PAH) [1]. It is
characterized by dislodged thromboembolic obstruction in the pulmo-
nary arteries and progressive elevation of pulmonary artery pressure

[2]. The overall incidence of CTEPH after acute pulmonary embolism is
2.82% [3]. Multiple factors play a role in the mechanism of CTEPH,
including small vessel disease, chronic organized thrombus, and the
resultant right ventricular dysfunction [4]. Incomplete resolution and
organization of the thrombus lead to impaired blood flow. Subsequently,
vascular arteriopathy is induced by high pressure and shear stress due to
redistribution of blood in patent pulmonary arteries, which results in
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endothelial dysfunction and eventually vascular remodelling [5]. Such
events lead to progressive elevation of pulmonary vascular resistance
(PVR), which predisposes patients to right-sided heart failure and death
[6].
There are several therapeutic approaches to CTEPH, including sur-

gical, interventional, and medical therapies. Both the European Society
of Cardiology (ESC)/European Respiratory Society (ERS) and American
guidelines recommend pulmonary endarterectomy (PEA) as the gold
standard treatment for CTEPH [7–9]. However, it is estimated that up to
50% of patients are considered inoperable [10]. Fortunately, there is
increasing evidence for the efficacy of PEA alternatives. Balloon pul-
monary angioplasty (BPA) is one of the proposed techniques, as reported
by Zhang et al., to have a higher survival rate, improved exercise ca-
pacity, and fewer complications than PEA [11].
Furthermore, several medical therapies have been developed for the

management of CTEPH and residual PAH. For instance, soluble guany-
late cyclase (sGC) stimulator (riociguat) is the first approved medical
therapy for CTEPH patients and has shown significant improvement in
hemodynamic parameters in patients with inoperable or persistent PAH,
as reported in some studies [12,13]. Other medications include endo-
thelin receptor antagonists (ERAs), which antagonize the vasoconstric-
tive and proliferative actions on vascular smooth muscles mediated by
Endothelin-1 [14]. In addition, pulmonary artery denervation (PADN)
is a novel therapy directed towards reducing sympathetic nervous sys-
tem activation, which can be used in the treatment of residual PAH after

PEA [15,16].
Although alternatives to PEA are being increasingly used, little in-

formation exists regarding the optimum therapy. To our knowledge,
there is a single previously published network meta-analysis (NMA) that
evaluated the efficacy and safety of 7 pulmonary vasodilators [17].
Therefore, we conducted a comprehensive NMA to update the evidence
and provide evidence-based guidelines to recommend the optimum
treatment modality for patients with CTEPH.

2. Methods

We conducted this NMA in accordance with the Preferred Reporting
Items for Systematic Review and Meta-Analysis (PRISMA) extension
statement for reporting of systematic reviews incorporating NMAs [18].
The steps were done in strict accordance with the Cochrane Handbook of
Systematic Reviews and Meta-analysis of Interventions (version 5.1.0)
[19]. The study is registered in PROSPERO: CRD42023459975

2.1. Eligibility criteria

We included only randomized controlled trials (RCTs) that met the
following criteria: (1) participants: study subjects were adults aged >18
years with CTEPH, (2) intervention and comparator: medical therapies
including endothelin receptor antagonists (ERAs) (bosentan, ambri-
sentan, and macitentan), prostanoid analogs (iloprost, and treprostinil),

Fig. 1. PRISMA flow diagram showing the two-phase screening process.
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prostacyclin receptor agonists (selexipag), phosphodiesterase-5 inhibi-
tor (PDE5-i) (sildenafil), and soluble guanylate cyclase (sGC) stimulators
(riociguat), procedures including pulmonary endarterectomy (PEA),
pulmonary artery denervation (PADN), and balloon pulmonary angio-
plasty (BPA), or placebo, (3) outcome: 6-minute walk distance (6 MWD),
pulmonary hemodynamics, adverse events, and all-cause mortality. We
excluded non-English studies and studies including PAH patients with
any World Health Organization (WHO) group other than Group 4
(CTEPH) according to the updated clinical classification of pulmonary
hypertension [20].

2.2. Primary and secondary outcomes

The primary outcomes of interest were 6-minute walk distance (6
MWD), pulmonary vascular resistance (PVR), and mean pulmonary ar-
tery pressure (mPAP). The secondary outcomes were the mean right
atrial pressure (mRAP), Borg dyspnea score, cardiac output (CO), car-
diac index, adverse events, and all-cause mortality.

2.3. Literature search

We performed a comprehensive search of several databases,
including the Cochrane Central Library, PubMed, and Scopus. The da-
tabases were searched from inception until December 2023. We con-
ducted our search based on the following keywords: (“Chronic
thromboembolic pulmonary hypertension OR “CTEPH”) AND (“rioci-
guat” OR “soluble guanylate cyclase stimulators” OR “sGC stimulators”
OR “sildenafil” OR “phosphodiesterase-5 inhibitor” OR “PDE5-I” OR
“prostacyclin” OR “iloprost” OR “treprostinil” OR “prostanoid analogs”
OR “selexipag” OR “prostacyclin receptor agonists” OR “bosentan” OR
“ambrisentan” OR “macitentan” OR “endothelin receptor antagonists”
OR “ERAs” OR “Balloon pulmonary angioplasty” OR “BPA” OR

“Pulmonary artery denervation” OR “PADN” OR “pulmonary endarter-
ectomy” OR “PEA”). A detailed search strategy for each database is
provided in Supplementary Table 1. In addition, we performed a
manual search of the reference lists of the relevant studies and reviews.

2.4. Study screening and selection

Three authors independently reviewed the search results. Titles and
abstracts were first screened for eligibility, followed by a full-text
screening of the included studies. We used Rayaan software in to
screen the articles and remove duplicates. Discrepancies were discussed
until a consensus was reached.

2.5. Data extraction

Data were extracted using a standardized data abstraction form. The
extracted data included: (1) last name of the first author, (2) year of
publication, (3) setting, (4) intervention and dose, (5) sample size, and
(6) follow-up duration, (7) baseline patient characteristics (age, male
sex, and previous PEA).

2.6. Risk of bias assessment

We used the Cochrane Collaboration’s tool 2 to assess the quality of
each RCT [21]. Two authors independently assessed the outcomes of
interest across 5 domains of bias: randomization process, deviations
from intended interventions, missing outcome data, measurement of the
outcome, selection of reported results, and overall bias. For each
domain, we rated the risk of bias as low, high, or some concerns. Dis-
crepancies were resolved through discussion.

Table 1
Baseline and clinical characteristics of the patients in trials of CTEPH.

Reference Multicenter Intervention Sample
size

Age (Mean ± SD) Male Sex n
(%)

Intervention dose Previous
PEA

Follow-up
duration

Kramm 2005 Single
center

Iloprost 11 54 ± 17 7 (63.6%) 25 μg 11 (100%) Until hospital
dischargePlacebo 11 56 ± 13 7 (63.6%) 11 (100%)

Jaïs 2008 Multicenter Bosentan 77 63 ± 12.9 22 (28.6%) 62.5mg to 125mg twice
daily

22 (28.6%) 16 Week
Placebo 80 63.1 ± 10.3 33 (41.2%) 22 (27.5%)

Suntharalingam
2008

Single
center

Sildenafil 9 49.9 ± 13.1 2 (22%) 40 mg thrice daily 2 (22%) 12 weeks
Placebo 10 60.0 ± 14.4 7 (70%) 7 (70%)

Reesink 2010 Single
center

Bosentan 13 67 ± 8 3 (29%) 62.5mg to 125mg twice
daily

0 (0%) 16 weeks
Placebo 12 64 ± 10 4 (34%) 0 (0%)

Ghofrani 2013 Multi center Riociguat 173 59 ± 14 55 (32%) 0.5 mg to 2.5 mg thrice
daily

52 (30%) 16 weeks
Placebo 88 59 ±13 34 (39%) 20 (23%)

Ghofrani 2018 Multi center Macitentan 40 58.2 ± 14.0 14 (35%) 10 mg once daily 0 (0%) 24 weeks
Placebo 40 56.9 ± 13.9 15 (38%) 0 (0%)

Escribano-Subias
2019

Multi center Ambrisentan 17 61.2 ± 13.4 9 (53%) 5 mg once daily 0 (0%) 16 weeks
Placebo 16 59.8 ± 9.0 6 (37%) 0 (0%)

Sadushi-Kolici 2019 Multi center High-dose
treprostinil

53 68 ± 11.2 34 (64%) 30 ng/kg/min 3 (6%) 24 weeks

Low- dose of
treprostinil

52 61 ± 14.6 22 (42%) 3 ng/kg/min 5 (10%)

Aoki 2020 Single
center

Riociguat 10 64 ± 11 1 (10%) up to 7.5 mg once daily NR 24 weeks
Placebo 11 66 ± 8 1 (9%) NR

Romanov 2020 Single
center

PADN 25 48 ± 14 12 (48%) N/A 100% 48 weeks
Riociguat + sham
PADN

25 47 ± 14 13 (52%) 0.5 mg to 2.5 mg thrice
daily

100%

Tanabe 2020 Multicenter Selexipag 25 58 ± 15 8 (32.0%) 100 μg to 800 μg twice
daily

3 (12%) 17 weeks
Placebo 9 60 ± 5 2 (22.2%) 1 (11.1%)

Ogo 2022 Multicenter Selexipag 39 66.3 ± 11.1 10 (25.6%) 200 μg to 1600 μg twice
daily

5 (12.8%) 20 week
Placebo 39 68.3 ± 9.6 10 (25.6%) 5 (12.8%)

Jaïs 2022 Multicenter BPA 52 68.1 ± 9.4 26 (50%) N/A 0 (0%) 26 weeks
Riociguat 53 66.8 ± 10.5 26 (49%) 1 mg to 2.5 mg thrice

daily
0 (0%)

Kawakami 2022 Multicenter BPA 31 68.0 ± 9.1 7 (22.6%) N/A 0 (0%) 48 weeks
Riociguat 26 65.7 ± 10.9 3 (11.5%) 1 mg to 2.5 mg thrice

daily
0 (0%)
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2.7. Data analysis

Analysis was conducted in R software [22] and Figs. were produced
using the package netmeta [23]. We conducted a network meta-analysis
using a frequentist effects model to compare the efficacy of multiple
treatment options. In contrast to traditional pairwise meta-analyses, this
model permits the assessment of multiple interventions simultaneously
and makes indirect comparisons between different outcomes, despite
the lack of direct head-to-head comparisons.
The accuracy of the overall network evidence for the effect of this

specific treatment was improved by including head-to-head studies
comparing one treatment to another. Continuous variables were
analyzed as mean difference (MD), and dichotomous variables were
analyzed as risk ratio (RR). 95% CI was used to predict statistical sig-
nificance. The interval containing 0 for MD and 1 for RR indicated no
significant difference.
Heterogeneity was evaluated by chi-squared test, with significant

heterogeneity defined as P<0.1 and I2 ≥50%. A random effects model
was utilized to account for the heterogeneity in the analysis. To rank the

interventions based on their effectiveness for each outcome, we used the
surface under cumulative ranking (SUCRA) approach. The SUCRA
approach has a value index that begins at 0% (least effective) and ends at
100% (most effective). This approach provides a comparative measure
of intervention performance [24].

3. Results

3.1. Study selection

A total of 2,270 potentially relevant articles were identified from the
electronic databases. We eliminated 401 duplicates, followed by 1,803
articles in the first phase of the title and abstract screening. A total of 66
articles were reviewed for full text. Of these, only 14met our criteria and
were included in the analysis [25–38]. Fig. 1 shows the PRISMA flow
diagram.

Fig. 2. Forest plot for each primary outcome assessing the efficacy. A) 6-minute walk distance; B) Pulmonary vascular resistance; C) Mean pulmonary ar-
tery pressure.
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3.2. Study characteristics

Our study included 14 RCTs with a total of 1047 patients, ranging
from 19 to 261 per study. Therapies assessed included riociguat, selex-
ipag, macitentan, bosentan, ambrisentan, treprostinil, iloprost, silden-
afil, BPA, and PADN. No RCTs evaluated PEA; hence, PEA was not
included in our analysis. Of the included trials, the group receiving
medical therapy was compared to the placebo in 11 trials
[27–33,35–38], 2 trials compared BPA to riociguat [25,26], and one
trial compared PADN to riociguat [34]. Table 1 presents the character-
istics of the included RCTs published between 2005 and 2022. The

outcomes of interest reported in each study are presented in Supple-
mentary Table 2. Figs. 2-4 present the direct comparisons for each
outcome. Net league Tables 2 and 3 show the effect estimates of different
treatments.

3.3. Risk of bias assessment

Fig. 5 shows the graph and summary of the risk of bias assessment for
the included studies. All the studies exhibited a low risk of bias in terms
of random sequence generation and missing outcome data. Eight studies
showed a low risk of bias in terms of deviation from the intended

Fig. 3. Forest plot for each secondary outcome assessing the efficacy. A) Mean right atrial pressure; B) Borg dyspnea score; C) Cardiac index; D) Cardiac output.
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interventions [29–32,34–37]. Measurement of the outcome was
adequately reported in 5 studies [28,29,31,34,38]. Only 3 studies
showed some concerns regarding the selection of the reported result
[27,30,38]. Apart from 3 studies [29,31,34], all studies showed some
concerns regarding overall bias.

3.4. Primary outcomes

Figs. 6-8 illustrate the network of comparisons for each outcome.
Most of the studies were directly linked to placebo, as shown in the
network geometry.

3.4.1. Six-minute walk distance
Thirteen studies reported the 6 MWD outcome, comprising 1025

patients. The treatment comparison groups consisted of 10 nodes rep-
resenting 9 different therapies and the placebo, as shown in Fig. 6A. The
analysis results showed that PADN (MD=113.59, 95% CI: 53.80;
173.39), BPA (MD=48.84, 95% CI: 27.99; 69.69), riociguat (MD=42.59,
95% CI: 22.01; 63.18), treprostinil (MD=41.60, 95% CI: 17.07; 66.13),
and macitentan (MD=34.00, 95% CI: 3.50; 64.50) displayed statistically
significant results compared with placebo, as shown in Fig. 2A and
Table 2. Other therapies did not demonstrate any statistically significant
results when compared with placebo. This is further indicated by the
SUCRA rankings in Table 4, which show that PADN exhibited relatively
greater efficacy than the other interventions (98%), followed by BPA
(76%), riociguat (67%), treprostinil (66%), and macitentan (55%).
There was no significant heterogeneity within pairwise comparisons
(I2=0%, p=0.7634).

3.4.2. Pulmonary vascular resistance
Thirteen studies reported the PVR outcome, including 1022 patients.

The treatment comparison groups consisted of 11 nodes representing 10
different therapies and a placebo, as shown in Fig. 6B. Statistically sig-
nificant results were only observed for BPA (MD=-392.19, 95% CI:
-571.77; -212.62), treprostinil (MD=-287.20, 95% CI: -475.63; -98.77),
PADN (MD=-280.61, 95% CI: -506.69; -54.52), bosentan (MD=-176.00,

95% CI: -340.91; -11.09), and riociguat (MD=-171.61, 95% CI: -298.40;
-44.81) when compared with placebo, as shown Fig. 2B and Table 2.
Compared with placebo, no significant differences were observed be-
tween the other treatments. As shown in Table 4, the SUCRA values
indicated the superiority of BPA (91%) over other interventions, fol-
lowed by treprostinil (75%), PADN (73%), bosentan (50%), and rioci-
guat (50%). There was significant heterogeneity within pairwise
comparisons (I2=59.6%, p=0.0595).

3.4.3. Mean pulmonary artery pressure
Twelve studies reported the mPAP outcome, including 857 patients.

The treatment comparison groups consisted of 10 nodes representing 9
different therapies and a placebo, as shown in Fig. 6C. The analysis re-
sults showed that BPA (MD=-14.91, 95% CI: -20.68; -9.15), bosentan
(MD=-12.00, 95% CI: -20.24; -3.76), and PADN (MD=-9.62, 95% CI:
-18.03; -1.21) performed significantly better than placebo, as demon-
strated in Fig. 2C and Table 2. BPA topped the ranking (93%), followed
by bosentan (83%), and PADN (76%), according to the SUCRA results, as
shown in Table 4. There was significant heterogeneity within pairwise
comparisons (I2=55.4%; p=0.0810).

3.4.4. Sensitivity analysis
We performed a sensitivity analysis by excluding Jaïs 2022 [26], as

all reported changes from baseline were analysed with an analysis of
covariance (ANCOVA) model, with the treatment and baseline value as
covariates and revealed minor fluctuation in the effect size with no
significant differences regarding primary outcomes, as shown in Sup-
plementary Fig. 1.

3.5. Secondary outcomes

3.5.1. Mean right atrial pressure
The analysis results revealed that only BPA (MD=-2.36, 95% CI:

-4.24; -0.48) had statistically significant results when compared to the
placebo, as shown in Fig. 3A and Table 2. Regarding SUCRA values,
bosentan (83%) had the highest ranking, followed by BPA (70%) and

Fig. 4. Forest plot for each secondary outcome assessing the safety. A) Any adverse events; B) All-cause mortality.
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Table 2
The league table shows the effect estimate of treatments in outcomes assessing the efficacy outcomes. Significant results are in bold.

6-Minute Walk Distance MD (95%CI)

Ambrisentan . . . . 21.50
(-17.06;
60.06)

. . . .

17.83 (-27.56;
63.21)

Bosentan . . . 3.67 (-20.26;
27.61)

. . . .

-27.34 (-71.17;
16.50)

-45.16
(-76.91;
-13.42)

BPA . . . 6.24 (2.93;
9.56)

. . .

-12.50 (-61.66;
36.66)

-30.33 (-69.10;
8.44)

14.84 (-22.11;
51.79)

Macitentan . 34.00 (3.50;
64.50)

. . . .

-92.09
(-163.24;
-20.94)

-109.92
(-174.33;
-45.51)

-64.76
(-120.99;
-8.52)

-79.59
(-146.72;
-12.47)

PADN . 71.00
(14.86;
127.14)

. . .

21.50 (-17.06;
60.06)

3.67 (-20.26;
27.61)

48.84 (27.99;
69.69)

34.00 (3.50;
64.50)

113.59
(53.80;
173.39)

Placebo -42.59
(-63.18;
-22.01)

-0.34 (-18.82;
18.14)

-17.50
(-134.44;
99.44)

-41.60
(-66.13;
-17.07)

-21.09 (-64.80;
22.62)

-38.92
(-70.49;
-7.35)

6.24 (2.93;
9.56)

-8.59 (-45.39;
28.20)

71.00
(14.86;
127.14)

-42.59
(-63.18;
-22.01)

Riociguat . . .

21.16 (-21.60;
63.92)

3.34 (-26.90;
33.57)

48.50 (20.64;
76.36)

33.66 (-2.00;
69.32)

113.26
(50.67;
175.84)

-0.34 (-18.82;
18.14)

42.26
(14.59;
69.92)

Selexipag . .

4.00 (-119.14;
127.14)

-13.83
(-133.19;
105.54)

31.34 (-87.45;
150.13)

16.50
(-104.36;
137.36)

96.09
(-35.25;
227.44)

-17.50
(-134.44;
99.44)

25.09
(-93.65;
143.83)

-17.16
(-135.56;
101.23)

Sildenafil .

-20.10 (-65.80;
25.60)

-37.93
(-72.20;
-3.65)

7.24 (-24.96;
39.43)

-7.60 (-46.74;
31.54)

71.99 (7.36;
136.63)

-41.60
(-66.13;
-17.07)

0.99 (-31.03;
33.02)

-41.26
(-71.97;
-10.55)

-24.10
(-143.59;
95.39)

Treprostinil

Pulmonary Vascular Resistance MD (95%CI)

Ambrisentan . . . . . -104.00
(-292.41;
84.41)

. . . .

72.00
(-133.53;
277.53)

Bosentan . . . . -176.00
(-258.13;
-93.87)

. . . .

342.94
(132.14;
553.74)

270.94
(145.69;
396.19)

BPA . . . . -235.81
(-304.95;
-166.67)

. . .

65.00
(-241.34;
371.34)

-7.00
(-262.14;
248.14)

-277.94
(-537.34;
-18.54)

Iloprost . . -169.00
(-410.55;
72.55)

. . . .

16.00
(-236.41;
268.41)

-56.00
(-242.97;
130.97)

-326.94
(-519.69;
-134.19)

-49.00
(-343.21;
245.21)

Macitentan . -120.00
(-287.96;
47.96)

. . . .

216.13
(-16.77;
449.04)

144.13
(-15.53;
303.80)

-126.81
(-265.97;
12.36)

151.13
(-126.53;
428.80)

200.13
(-16.57;
416.84)

PADN . -109.00
(-229.77;
11.77)

. . .

-104.00
(-292.41;
84.41)

-176.00
(-258.13;
-93.87)

-446.94
(-541.50;
-352.38)

-169.00
(-410.55;
72.55)

-120.00
(-287.96;
47.96)

-320.13
(-457.06;
-183.21)

Placebo 211.13
(146.63;
275.64)

98.56
(40.84;
156.27)

197.00
(-305.76;
699.76)

287.20
(164.50;
409.90)

107.13
(-92.01;
306.28)

35.13
(-69.30;
139.57)

-235.81
(-304.95;
-166.67)

42.13
(-207.88;
292.15)

91.13
(-88.79;
271.06)

-109.00
(-229.77;
11.77)

211.13
(146.63;
275.64)

Riociguat . . .

-5.44
(-202.49;
191.61)

-77.44
(-177.83;
22.94)

-348.38
(-459.16;
-237.60)

-70.44
(-318.80;
177.91)

-21.44
(-199.05;
156.16)

-221.58
(-370.16;
-72.99)

98.56
(40.84;
156.27)

-112.58
(-199.13;
-26.02)

Selexipag . .

93.00
(-443.91;
629.91)

21.00
(-488.43;
530.43)

-249.94
(-761.52;
261.64)

28.00
(-529.78;
585.78)

77.00
(-453.08;
607.08)

-123.13
(-644.21;
397.94)

197.00
(-305.76;
699.76)

-14.13
(-521.02;
492.75)

98.44
(-407.62;
604.51)

Sildenafil .

183.20
(-41.64;
408.04)

111.20
(-36.45;
258.85)

-159.74
(-314.65;
-4.83)

118.20
(-152.73;
389.13)

167.20
(-40.81;
375.21)

-32.93
(-216.79;
150.92)

287.20
(164.50;
409.90)

76.07
(-62.56;
214.69)

188.64
(53.04;
324.24)

90.20
(-427.32;
607.72)

Treprostinil

Mean Pulmonary Artery Pressure MD (95%CI)

Bosentan . . . . -12.00
(-19.06;
-4.94)

. . . .

(continued on next page)
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Table 2 (continued )

Mean Pulmonary Artery Pressure MD (95%CI)

4.68 (-3.16;
12.52)

BPA . . . . -12.67
(-15.56;
-9.77)

. . .

-14.00
(-28.25;
0.25)

-18.68
(-31.52;
-5.84)

Iloprost . . 2.00 (-10.38;
14.38)

. . . .

-10.20
(-18.27;
-2.13)

-14.88
(-20.06;
-9.71)

3.80 (-9.18;
16.78)

Macitentan . -1.80 (-5.70;
2.10)

. . . .

-0.98 (-10.53;
8.56)

-5.67 (-12.47;
1.14)

13.02 (-0.93;
26.96)

9.22 (1.71;
16.72)

PADN . -7.00 (-13.16;
-0.84)

. . .

-12.00
(-19.06;
-4.94)

-16.68
(-20.09;
-13.28)

2.00 (-10.38;
14.38)

-1.80 (-5.70;
2.10)

-11.02
(-17.43;
-4.60)

Placebo 4.02 (2.22;
5.81)

0.47 (-1.24;
2.17)

6.20 (-11.68;
24.08)

3.00 (0.00;
6.00)

-7.98 (-15.27;
-0.70)

-12.67
(-15.56;
-9.77)

6.02 (-6.50;
18.53)

2.22 (-2.07;
6.51)

-7.00 (-13.16;
-0.84)

4.02 (2.22;
5.81)

Riociguat . . .

-11.53
(-18.80;
-4.27)

-16.22
(-20.03;
-12.41)

2.47 (-10.03;
14.96)

-1.33 (-5.59;
2.92)

-10.55
(-17.19;
-3.91)

0.47 (-1.24;
2.17)

-3.55 (-6.03;
-1.07)

Selexipag . .

-5.80 (-25.02;
13.42)

-10.48 (-28.68;
7.72)

8.20 (-13.55;
29.95)

4.40 (-13.90;
22.70)

-4.82 (-23.81;
14.18)

6.20 (-11.68;
24.08)

2.18 (-15.78;
20.15)

5.73 (-12.23;
23.69)

Sildenafil .

-9.00 (-16.67;
-1.33)

-13.68
(-18.22;
-9.14)

5.00 (-7.74;
17.74)

1.20 (-3.72;
6.12)

-8.02 (-15.10;
-0.93)

3.00 (0.00;
6.00)

-1.02 (-4.51;
2.48)

2.53 (-0.92;
5.99)

-3.20 (-21.33;
14.93)

Treprostinil

Mean Right Atrial Pressure MD (95%CI)

Bosentan . . . -4.00 (-8.32;
0.32)

. . . .

-1.64 (-6.35;
3.07)

BPA . . . -1.96 (-3.26;
-0.66)

. . .

-3.00 (-9.26;
3.26)

-1.36 (-6.28;
3.55)

Iloprost . -1.00 (-5.54;
3.54)

. . . .

-1.50 (-6.67;
3.67)

0.14 (-3.27;
3.54)

1.50 (-3.85;
6.85)

Macitentan -2.50 (-5.34;
0.34)

. . . .

-4.00 (-8.32;
0.32)

-2.36 (-4.24;
-0.48)

-1.00 (-5.54;
3.54)

-2.50 (-5.34;
0.34)

Placebo 0.40 (-0.96;
1.76)

0.42 (-0.71;
1.55)

-0.70 (-15.40;
14.00)

2.20 (-0.22;
4.62)

-3.60 (-8.13;
0.93)

-1.96 (-3.26;
-0.66)

-0.60 (-5.34;
4.14)

-2.10 (-5.25;
1.05)

0.40 (-0.96;
1.76)

Riociguat . . .

-3.58 (-8.04;
0.88)

-1.94 (-4.14;
0.25)

-0.58 (-5.26;
4.10)

-2.08 (-5.14;
0.98)

0.42 (-0.71;
1.55)

0.02 (-1.75;
1.79)

Selexipag . .

-4.70 (-20.02;
10.62)

-3.06 (-17.88;
11.76)

-1.70 (-17.09;
13.69)

-3.20 (-18.17;
11.77)

-0.70 (-15.40;
14.00)

-1.10 (-15.86;
13.66)

-1.12 (-15.87;
13.62)

Sildenafil .

-1.80 (-6.75;
3.15)

-0.16 (-3.23;
2.90)

1.20 (-3.94;
6.34)

-0.30 (-4.03;
3.43)

2.20 (-0.22;
4.62)

1.80 (-0.98;
4.58)

1.78 (-0.89;
4.45)

2.90 (-12.00;
17.80)

Treprostinil

Borg Dyspnea Score MD (95%CI)

Bosentan . . -0.60 (-1.20; 0.00) . . . .
2.09 (1.25; 2.94) BPA . . -1.69 (-1.80;-1.59) . . .
-0.20 (-1.25; 0.85) -2.29 (-3.33; -1.25) Macitentan -0.40 (-1.26; 0.46) . . . .
-0.60 (-1.20; 0.00) -2.69 (-3.29; -2.10) -0.40 (-1.26; 0.46) Placebo 1.00 (0.42; 1.58) 0.85 (0.13; 1.57) 0.90 (-3.42; 5.22) 0.30 (-0.62; 1.22)
0.40 (-0.44; 1.24) -1.69 (-1.80; -1.59) 0.60 (-0.44; 1.64) 1.00 (0.42; 1.58) Riociguat . . .
0.25 (-0.69; 1.19) -1.84 (-2.78; -0.91) 0.45 (-0.67; 1.57) 0.85 (0.13; 1.57) -0.15 (-1.08; 0.78) Selexipag . .
0.30 (-4.06; 4.66) -1.79 (-6.15; 2.56) 0.50 (-3.90; 4.90) 0.90 (-3.42; 5.22) -0.10 (-4.46; 4.26) 0.05 (-4.33; 4.43) Sildenafil .
-0.30 (-1.40; 0.80) -2.39 (-3.49; -1.30) -0.10 (-1.36; 1.16) 0.30 (-0.62; 1.22) -0.70 (-1.79; 0.39) -0.55 (-1.72; 0.62) -0.60 (-5.01; 3.81) Treprostinil

Cardiac index MD (95%CI)

Bosentan . . 0.30 (-0.06; 0.66) . . .
0.20 (-0.60; 1.00) Iloprost . 0.10 (-0.62; 0.82) . . .
-0.10 (-0.53; 0.33) -0.30 (-1.06; 0.46) Macitentan 0.40 (0.16; 0.64) . . .
0.30 (-0.06; 0.66) 0.10 (-0.62; 0.82) 0.40 (0.16; 0.64) Placebo -0.49 (-0.70; -0.28) 0.00 (-1.25; 1.25) -0.60 (-0.89; -0.31)
-0.19 (-0.60; 0.23) -0.39 (-1.14; 0.36) -0.09 (-0.41; 0.23) -0.49 (-0.70; -0.28) Selexipag . .
0.30 (-1.00; 1.60) 0.10 (-1.35; 1.55) 0.40 (-0.88; 1.68) -0.00 (-1.25; 1.25) 0.49 (-0.78; 1.76) Sildenafil .
-0.30 (-0.76; 0.16) -0.50 (-1.28; 0.28) -0.20 (-0.58; 0.18) -0.60 (-0.89; -0.31) -0.11 (-0.47; 0.25) -0.60 (-1.89; 0.69) Treprostinil

Cardiac Output MD (95%CI)

BPA . . . -0.42 (-0.75; -0.09) .

(continued on next page)

N.R. Ismail et al. American Heart Journal Plus: Cardiology Research and Practice 46 (2024) 100466 

8 



macitentan (68%), as shown in Table 4. There was no significant het-
erogeneity within pairwise comparisons (I2=0%, p=0.7554).

3.5.2. Borg dyspnea score
The analysis results showed that only BPA (MD=-2.30, 95% CI:

-4.18; -0.43) produced a statistically significant difference compared
with the placebo, as presented in Fig. 3B and Table 2. According to the
SUCRA rankings in Table 4, BPA (90%) was the highest-ranking inter-
vention, followed by riociguat (61%), and selexipag (54%). There was
significant heterogeneity within pairwise comparisons (I2=63.6%;
p=0.0972).

3.5.3. Cardiac index
The analysis results exhibited a statistically significant difference

only for treprostinil (MD=0.60, 95% CI: 0.31; 0.89), selexipag
(MD=0.49, 95% CI: 0.28; 0.70), and macitentan (MD=0.40, 95% CI:
0.16; 0.64) when compared with the placebo, as shown in Fig. 3C and
Table 2. The SUCRA values presented in Table 4 confirmed these find-
ings, with treprostinil (87%), selexipag (73%), and macitentan (60%)
having the highest rankings. There was no significant heterogeneity
within pairwise comparisons (I2=0%; p=0.972).

3.5.4. Cardiac output
The analysis found that, except for BPA (MD=0.43, 95% CI: -0.01;

0.86), PADN, riociguat, treprostinil, and macitentan were all signifi-
cantly more effective than the placebo, as shown in Fig. 3D and Table 2.
Regarding the SUCRA values presented in Table 4, PADN, (79%) rioci-
guat (69%), and treprostinil (64%) were the treatments with the highest
improvement in terms of CO. There was no significant heterogeneity
within pairwise comparisons (I2=0%; p=0.8304)

3.5.5. Adverse events
There was no significant difference between the studied treatments

and placebo; except for selexipag which exhibited higher risk of adverse
events compared to placebo (RR=1.60, 95% CI: 1.23; 2.10), as indicated
in Fig. 4A and Table 3. However, the SUCRA values in Table 4 showed

that ambrisentan (96%) was most likely to be effective, followed by
treprostinil (71%), and macitentan (68%). There was no significant
heterogeneity within pairwise comparisons (I2=0%; p=0.4886).

3.5.6. All-cause mortality
Moreover, there was no significant difference between all studied

treatments and placebo in terms of all-cause mortality, as shown in
Fig. 4B and Table 3. However, the SUCRA values in Table 4 showed that
PADN (74%) had the highest score, followed by macitentan (69%), and
riociguat (63%).

4. Discussion

CTEPH is a progressive condition that poses a substantial health risk.
The treatment of choice for CTEPH is pulmonary endarterectomy (PEA)
[7], although its use is limited by a number of conditions, including
peripheral lesions, high PVR, and increased surgical risk [39,40].
Notably, a significant percentage of individuals still experience recur-
rent pulmonary arterial hypertension (PAH) even following PEA [41].
Hence, there are emerging treatment options to address these
complexities.
To the best of our knowledge, there is only one previously published

network meta-analysis that evaluated only 7 different CTEPH drugs. Our
NMA included 3 additional treatment options: selexipag, pulmonary
artery denervation (PADN), and Balloon pulmonary angioplasty (BPA).
Furthermore, we reported the following additional outcomes: mean
pulmonary artery pressure, mean right atrial pressure, Borg dyspnea
score, cardiac index, CO, adverse events, and all-cause mortality. Hence,
the scope of our study extends beyond previous network meta-analysis
to evaluate the relative efficacy and safety of a wider range of in-
terventions, including 14 trials with 1047 patients randomized to 10
intervention arms. We ranked them in terms of the 6-minute walk dis-
tance (6 MWD), pulmonary vascular resistance (PVR), mean pulmonary
artery pressure (mPAP), mean right atrial pressure (mRAP), Borg dys-
pnea score, cardiac index, cardiac output (CO), adverse events, and all-
cause mortality.

Table 2 (continued )

Cardiac Output MD (95%CI)

-0.35 (-0.95; 0.25) Macitentan . 0.78 (0.36; 1.20) . .
-0.52 (-1.02; -0.02) -0.17 (-0.80; 0.46) PADN . 0.10 (-0.28; 0.48) .
0.43 (-0.01; 0.86) 0.78 (0.36; 1.20) 0.95 (0.48; 1.42) Placebo -0.85 (-1.13; -0.57) -0.80 (-1.33; -0.27)
-0.42 (-0.75; -0.09) -0.07 (-0.57; 0.44) 0.10 (-0.28; 0.48) -0.85 (-1.13; -0.57) Riociguat .
-0.37 (-1.06; 0.31) -0.02 (-0.69; 0.65) 0.15 (-0.56; 0.85) -0.80 (-1.33; -0.27) 0.05 (-0.55; 0.65) Treprostinil

Table 3
The league table shows the effect estimate of treatments in outcomes assessing the safety outcomes. Significant results are in bold.

Adverse events RR (95%CI)

Ambrisentan . . . 0.69 (0.48; 1.00) . . .

0.54 (0.34; 0.85) Bosentan . . 1.29 (0.99; 1.67) . . .
0.69 (0.44; 1.07) 1.28 (0.91; 1.82) BPA . . 0.94 (0.76; 1.16) . .
0.74 (0.47; 1.15) 1.37 (0.97; 1.95) 1.07 (0.77; 1.49) Macitentan 0.94 (0.74; 1.19) . . .
0.69 (0.48; 1.00) 1.29 (0.99; 1.67) 1.00 (0.80; 1.26) 0.94 (0.74; 1.19) Placebo 0.94 (0.86; 1.03) 0.62 (0.48; 0.82) 1.07 (0.91; 1.25)
0.65 (0.44; 0.95) 1.21 (0.92; 1.59) 0.94 (0.76; 1.16) 0.88 (0.68; 1.14) 0.94 (0.86; 1.03) Riociguat . .
0.43 (0.27; 0.68) 0.80 (0.55; 1.17) 0.62 (0.44; 0.89) 0.58 (0.41; 0.84) 0.62 (0.48; 0.82) 0.66 (0.50; 0.88) Selexipag .
0.74 (0.49; 1.10) 1.37 (1.01; 1.86) 1.07 (0.81; 1.41) 1.00 (0.75; 1.33) 1.07 (0.91; 1.25) 1.13 (0.94; 1.36) 1.71 (1.25; 2.33) Treprostinil

All-cause mortality RR (95%CI)

Iloprost . . 0.33 (0.02; 7.36) . . .
1.67 (0.02; 124.49) Macitentan . 0.20 (0.01; 4.04) . . .
1.97 (0.03; 139.51) 1.18 (0.02; 78.47) PADN . 0.50 (0.05; 5.17) . .
0.33 (0.02; 7.36) 0.20 (0.01; 4.04) 0.17 (0.01; 3.18) Placebo 2.95 (0.50; 17.32) 0.89 (0.04; 20.12) 0.51 (0.05; 5.45)
0.98 (0.03; 34.75) 0.59 (0.02; 19.29) 0.50 (0.05; 5.17) 2.95 (0.50; 17.32) Riociguat . .
0.30 (0.00; 24.03) 0.18 (0.00; 13.54) 0.15 (0.00; 10.91) 0.89 (0.04; 20.12) 0.30 (0.01; 10.90) Selexipag .
0.17 (0.00; 8.37) 0.10 (0.00; 4.68) 0.09 (0.00; 3.75) 0.51 (0.05; 5.45) 0.17 (0.01; 3.33) 0.57 (0.01; 28.48) Treprostinil
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Our NMA displayed results comparable to those of previous NMA
[17]. In terms of increasing 6 MWD, Chen et al., reported statistically
significant results with riociguat, treprostinil, and macitentan. These
findings were in line with ours. Nevertheless, PADN and BPA were
included in our analysis and showed the most significant improvement
in this regard. The results of the previous NMA demonstrated that tre-
prostinil, riociguat, bosentan, and iloprost significantly reduced PVR.
These results aligned with ours only in terms of treprostinil, riociguat,
and bosentan. However, according to our results, BPA and PADN
continued to show significant improvement in terms of decreasing PVR.
According to the SUCRA rankings, the results of our analysis showed

that PADN was the most effective in improving 6 MWD, CO, and all-
cause mortality. BPA performed best for decreasing PVR, mPAP, and

Borg dyspnea score. Moreover, bosentan was superior to others in
reducing mRAP, while treprostinil was shown to be more effective in
improving cardiac index. In terms of low adverse events, ambrisentan
was more beneficial than others. Based on these findings, it appears that
different therapies may offer benefits in terms of certain clinical
outcomes.
CTEPH Treatment options are continuously evolving. Newer in-

terventions are being explored to manage patients who are ineligible for
PEA or have residual PAH after PEA. With regards to PADN, it can serve
as a potential therapeutic procedure of residual PAH as it targets sym-
pathetic nervous system activation [42]. Activation of sympathetic
nervous system and renin-angiotensin-aldosterone system produce
circulating neurohormone transmitters which are a significant

Fig. 5. Risk of bias graph and risk of bias summary.
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contributor to the pathogenesis and progression of PAH [43,44]. Results
from previous pairwise meta-analyses published by ZUO et al., Zheng et
al., and Salazar et al., were in line with our findings as they showed that
PADN demonstrated improvements in 6 MWD, CO, and a reduction in
mPAP, and PVR [15,45,46].
According to the 2022 European Society of Cardiology/European

Respiratory Society (ECS/ERS) and American guidelines, BPA is an
emerging option for ineligible patients for PEA or with residual PAH
after PEA [7–9], which was previously used for distal lesion disease
[47]. In addition, several pairwise meta-analyses analyzed the efficacy
of BPA against or following PEA [48–50], where BPA exhibited prom-
ising results in terms of improving clinical and hemodynamic parame-
ters. These results align with ours in terms of 6 MWD, PVR, mPAP and
mRAP. Therefore, BPA is deemed a viable option.
In the context of prostacyclin and its analogs, results from Chen et al.,

displayed the potential efficacy of treprostinil and iloprost in terms of
improving 6 MWD and pulmonary hemodynamics. Their leading role is
hypothesized to be due to its engagement in additional pathways other
than those associated with G-protein (Gs), linked with adenylate cyclase,

which restricts the proliferation of muscle cells in the pulmonary artery
[51]. Bosentan, ambrisentan, and macitentan are endothelin receptor
antagonists (ERAs), which function by inhibiting the binding of endo-
thelin, a vasoconstrictive peptide, to its receptors on smooth muscle cells
leading to vasodilation [52]. The results from a previous meta-analysis
found that bosentan was effective in improving cardiac index and
reducing PVR. In addition, they also found that bosentan displayed no
statistical significance in terms of mPAP and improving 6 MWD [53].
Although these results were in line with ours in terms of 6 MWD and
PVR, our results were comparable in terms of cardiac index and mPAP,
as bosentan displayed no significant improvement in cardiac index, but
significantly reduced mPAP.,. Regarding macitentan, Chen et al. found
that it was superior to other ERAs and has significantly improved 6
MWD, which was not in line with our results [17]. As for ambrisentan, it
was not favored in any of the outcomes as shown in our analysis, except
for potential results in terms of adverse events.
Targeting the nitric oxide (NO)/soluble guanylate cyclase (sGC)/

cyclic guanosine monophosphate (cGMP) pathway is a plausible treat-
ment strategy since patients with PAH have decreased endothelial cell-

Fig. 6. Network diagram for the primary outcomes assessing the efficacy in RCTs of CTEPH treatments. Each node represents an intervention that has been tested in
trials; the size of the nodes is proportional to the number of patients that have received the intervention; and the thickness of the connecting lines is proportional to
the number of trials. A) 6-minute walk distance; B) Pulmonary vascular resistance; C) Mean pulmonary artery pressure.
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derived nitric oxide (NO) production [54]. Riociguat accomplishes this
through a dual mechanism of action, it sensitizes sGC to endogenous NO
and directly activates sGC receptors without the need for NO, which has
the effects of vasorelaxation and antiproliferative activity [55,56].
Several studies revealed that riociguat proved to be an effective treat-
ment [57–60]. These results aligned with ours in terms of improving 6
MWD, CO, and decreasing PVR. In terms of sildenafil, it did not display
any significant results, whereas selexipag showed significant improve-
ment only in cardiac index.

4.1. Limitations

By incorporating a wider range of interventions and results, our
study expands on prior research and enables a more thorough compar-
ison. However, a few limitations need to be taken into account. Het-
erogeneity may be influenced by variations in several factors. Initially,
different RCTs had different inclusion criteria. Hence, different groups of
patients were included, such as (1) patients who underwent previous
PEA but had recurrent or persistent PAH, (2) inoperable patients, (3)

patients who underwent BPA, and (4) patients who received concomi-
tant PAH-targeted therapies. Additionally, bias could have been intro-
duced because of the relatively small number of comparison trials
between some therapies. For instance, only one RCT was included for
each of ambrisentan and sildenafil with a relatively small sample size, so
their full potential is yet to be explored. Additionally, one study used
low-dose subcutaneous treprostinil (3 ng/kg per min) but was consid-
ered a placebo in our study [31] because it was expected to have limited
clinical effects [61]. In addition, studies that stated that mortality was
not related to the study treatment or that there were no adverse events
leading to withdrawal from the study were not included in the assess-
ment of all-cause mortality, which may have resulted in overestimation
or underestimation of the effects of the drugs reported in these studies.
This also applies to the evaluation of adverse events, since serious and
less serious adverse events were included and assessed together in one
outcome. Also, there was no source of inconsistency, as our study did not
have any closed loops; hence, we did not evaluate consistency. Finally,
the range of follow-up times at which the outcomes were assessed was
different between the included trials, which can impact the

Fig. 7. Network diagram for the secondary outcomes assessing the efficacy in RCTs of CTEPH treatments. Each node represents an intervention that has been tested
in trials; the size of the nodes is proportional to the number of patients that have received the intervention; and the thickness of the connecting lines is proportional to
the number of trials. A) Mean right atrial pressure; B) Borg dyspnea score; C) Cardiac index; D) Cardiac output.
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comparability of the outcomes.
Despite these drawbacks, this study provides insightful information

regarding the relative efficacy of various CTEPH therapies, aiding cli-
nicians in making wise treatment choices. Further investigation and
randomized controlled trials are necessary to improve these findings and
to offer more specific recommendations for patient treatment as CTEPH
management progresses. Nevertheless, this study offers important data
regarding the relative efficacy of various CTEPH treatments, which can
be used by clinicians to select the most appropriate course of treatment.

4.2. Conclusion

In conclusion, our study suggests that the current therapeutic mo-
dalities are effective in terms of improving exercise capacity, pulmonary
hemodynamics, and reducing adverse events and all-cause mortality,
which is supported by current practice guideline recommendations.
However, the degree can vary among therapies. The results of the pre-
vious NMA suggested that treprostinil and riociguat were superior
drugs. Nevertheless, this was not the case in the present analysis. Based
on our results, BPA and PADN provided the most promising efficacy and
safety outcomes. Further RCTs are encouraged to continue the assess-
ment of various CTEPH therapies, and identifying the optimal treatment
for patients should be a key component of future clinical practice.

4.3. Impact on daily practice

CTEPH is a serious pulmonary vascular disease and is one of the

leading causes of pulmonary arterial hypertension. Several therapeutic
options are available for the treatment of CTEPH. Our NMA comprises
14 RCTs and has analyzed 10 different treatments. According to the
SUCRA rankings, our results favor PADN in the management of residual
pulmonary hypertension after PEA. Furthermore, BPA has shown
remarkable results as a promising alternative to PEA, as well as in the
management of residual pulmonary hypertension following PEA.
Overall, the results of our analysis expand our understanding of the
available CTEPH treatment options and provide valuable insight into the
possible relative effectiveness of PADN and BPA as treatment options for
CTEPH.
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Table 4
Ranking of different therapies for CTEPH using SUCRA values.

Intervention 6 MWD (%) PVR (%) mPAP (%) mRAP (%) Borg dyspnea score (%) CI (%) CO (%) Adverse events (%) All-cause mortality (%)

Placebo 16 8 20 19 22 16 0 57 30
Bosentan 22 50 83 83 46 48 — 16 —
Sildenafil 41 51 56 39 52 32 — — —
Riociguat 67 50 44 31 61 — 69 36 63
Macitentan 55 36 36 68 40 60 61 68 69
Ambrisentan 43 34 — — — — — 96 —
Treprostinil 66 75 45 65 35 87 64 71 20
BPA 76 91 93 70 90 — 25 54 —
PADN 98 73 76 — — — 79 — 74
Selexipag 16 33 26 31 54 73 — 2 34
Iloprost — 48 21 43 — 33 — — 59
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