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modynamic outcomes, but it has no effect on mortality. The 
long-term efficacy and safety of combination therapy in PAH 
requires further study based on large and rational-designed 
controlled clinical trials.  Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Pulmonary arterial hypertension (PAH) is a chronic, 
devastating and progressive disease characterized by a 
pathological increase in pulmonary vascular resistance 
(PVR) that results in right ventricular dysfunction, limits 
exercise capacity and eventually leads to right-sided heart 
failure and premature death  [1] . Although the pathogen-
esis of PAH remains unclear, at least three pathways are 
involved in its pathogenesis – the endothelin pathway, 
prostacyclin pathway and nitric oxide pathway  [2, 3] .

  There is currently no cure for PAH, but 3 classes of 
drugs targeted at the three pathways have been developed 
and approved for the treatment of PAH: prostanoids, 
phosphodiesterase type 5 (PDE5) inhibitors and endo-
thelin receptor antagonists (ERAs)  [4] . These drugs alle-
viate symptoms and improve exercise capacity, hemody-
namics and outcome. Despite these advances, PAH is still 
an incurable disease. Thus, those patients who do not sta-
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 Abstract 

  Objectives:  It is unclear whether combination therapy is ef-
ficient and well tolerated in patients with pulmonary arterial 
hypertension (PAH). The objective was to analyze completed 
trials assessing the efficacy and safety of treating PAH with 
combination therapy.  Methods:  We performed a meta-anal-
ysis of all randomized controlled combination therapy trials 
that evaluated efficacy and safety in PAH patients. Trials 
were identified in the Cochrane Library, EMBASE and PubMed 
databases, reviews and reference lists of relevant papers.  Re-

sults:  Six trials with a total of 858 patients were included in 
the meta-analysis. Compared with the control group, combi-
nation therapy reduced clinical worsening [relative risk (RR) 
0.48, 95% confidence interval (CI) 0.26–0.91, p = 0.023], 
 increased the 6-min-walk distance significantly by 22.22 m, 
and reduced mean pulmonary arterial pressure, right atrial 
pressure and pulmonary vascular resistance. The incidence 
of serious adverse events was similar in the 2 groups (RR 1.17, 
95% CI 0.40–3.42, p = 0.77). However, combination therapy 
did not influence mortality.  Conclusions:  Treatment of PAH 
with combination therapy improves multiple clinical and he-
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bilize on monotherapy and who do not have long-term 
improvements still need other treatment options  [5] .

  Since the 3 classes of drugs act via separate pathways, 
concomitant use of 2 or 3 drugs may exert synergistic ef-
fects. Moreover, to date, no single drug has been shown to 
deliver completely satisfactory improvements in severely 
ill PAH patients. This makes combination therapy practi-
cal in theory. Combination therapy is an approach that 
uses a combination of drugs targeted at different path-
ways, and has the potential for additive or synergistic ef-
fects. The goal of this therapeutic strategy should be to 
increase efficacy while minimizing toxicity. It has been 
advocated for PAH, analogous to the strategies used in the 
treatment of systemic hypertension, heart failure and can-
cer. Potential combination therapy includes combining 
ERAs with prostanoids, ERAs with PDE5 inhibitors, pros-
tanoids with PDE5 inhibitors and combining all 3 classes 
of drugs  [6] . Combination therapy is indeed in common 
use in clinical practice and is now recommended in treat-
ment guidelines. There are two types of combination ther-
apy in current clinical practice, sequential add-on therapy 
and first-line combination treatment. However, the evi-
dence to support these treatment options remains limited.

  A number of randomized controlled trials (RCTs) of 
combination therapy in PAH have been published, the 
conclusions of which were inconsistent. The aim of this 
meta-analysis was to evaluate the efficacy and safety of 
combination therapy in PAH, and to lay the theoretical 
foundation for treatment.

  Methods 

 Literature Search 
 We systematically searched PubMed, EMBASE, the Cochrane 

Library, previous reviews and reference lists from identified ar-
ticles without language and time limitation. We used the follow-
ing search terms: (PAH) AND (endothelin receptor antagonist 
OR prostanoids OR phosphodiesterase type 5 inhibitor OR bosen-
tan OR ambrisentan OR sitaxsentan OR epoprostenol OR trepro-
stinil OR iloprost OR sildenafil OR tadalafil).

  Study Inclusion Criteria 
 The inclusion criteria were as follows: (1) RCTs that have been 

published (with or without a placebo group) on the treatment of 
PAH using combination therapy with 2 or 3 drugs, (2) evaluated 
adults with PAH who had had a follow-up of 8 weeks or more and 
(3) patients definitely diagnosed as having PAH (group 1 accord-
ing to the clinical classification  [7]  of PAH). Acute studies that 
assess only hemodynamic variables were excluded.

  Evaluation Indicators for Efficacy and Safety 
 All literature searches were independently reviewed by two 

professional co-workers (Y.B. and L.S.) to identify the trials which 

met the inclusion criteria. Differences were resolved by consen-
sus. Evaluation indicators for efficacy included 6-min-walk dis-
tance (6MWD), clinical worsening, New York Heart Association 
(NYHA)/WHO functional class and hemodynamic parameters 
including mean pulmonary arterial pressure (mPAP), right atrial 
pressure (RAP), PVR and cardiac output. Serious adverse events 
that were considered to be related to the studied medication as 
indicated in the original articles were applied to evaluate the safe-
ty of drugs. The all-cause mortality was also assessed.

  Quality Assessment 
 Studies were assessed for quality of randomization, blinding, 

reporting of withdrawals, generation of random numbers and 
concealment of allocation. The trials scored 1 point for each area 
addressed, therefore receiving a score between 0 and 5 (highest 
level of quality)  [8] .

  Statistical Analysis 
 We calculated risk ratios (RR) for dichotomous data and 

weighted mean differences (WMD), with 95% confidence inter-
vals (CI) for continuous data. A random-effects model (DerSimo-
nian and Laird) was used  [9] . The statistical heterogeneity of treat-
ment effects between studies was formally tested with Cochran’s 
test (p  !  0.1). The I 2  statistic was also examined, and we consid-
ered I 2   1 50% to indicate significant heterogeneity between the 
trials  [10] . Publication bias was assessed with funnel plots by Eg-
gers’ regression test  [11] . Statistical analyses were performed with 
Stata software (version 9.0; Stata Corporation, College Station, 
Tex., USA) and REVMAN software (version 5.0; Cochrane Col-
laboration, Oxford, UK).

  Results 

 Search Results and Characteristics 
 A total of 1,115 articles were identified by the com-

bined search of PubMed, EMBASE, the Cochrane Li-
brary and a manual approach (searching previous studies 
cited in reviews and reference lists from identified arti-
cles) for RCTs, 7 of which satisfied the inclusion criteria 
 [12–18] . In addition, since it is difficult to combine studies 
that included predominantly patients with idiopathic 
PAH with trials that enrolled only patients with Eisen-
menger’s syndrome, Iversen et al.’s study  [17]  was exclud-
ed from the final analysis. Thus, 6 trials were eventually 
included in the meta-analysis  [12–16, 18]  ( fig. 1 ).

  In the 6 trials, a total of 858 patients were enrolled, 
consisting of 495 patients in the combination treatment 
group and 363 patients in the control group.  Table  1  
shows the characteristics of the trials. Five RCTs present-
ed results on combination therapy with 2 drugs. Among 
them, 3 RCTs assessed the effects of bosentan combined 
with prostanoids (iloprost) or PDE5 inhibitors (tadalafil), 
2 RCTs assessed the effects of epoprostenol combined 
with bosentan or sildenafil; 1 RCT assessed the addition-



 Combination Therapy in PAH Cardiology 2011;120:157–165 159

al effects of treprostinil, among which bosentan plus 
treprostinil or sildenafil plus treprostinil served as the 
treatment group, while bosentan plus placebo or sildena-
fil plus placebo served as the control group.

  The average length of study durations was 14 weeks 
(range 12–16 weeks). In the 6 trials, the exclusive or pre-
dominant etiology was idiopathic and/or familial PAH. 

  In these RCTs, most of the participants were in NYHA/
WHO functional class III. The primary endpoint was 
6MWD in 5 studies and total pulmonary resistance in 1 
study.

  Data Quality 
 The quality scores of the trials varied from 2 to 5 (max-

imum score). All included trials were randomized, pro-
spective and placebo controlled. 

  Efficacy Evaluation for PAH Medication 
 The 6MWD was the primary endpoint in 5 trials and 

the secondary endpoint in 1 trial. In 3 trials, the improve-
ment in the 6MWD of patients in the combination therapy 
group was higher than that of the control group. One of 2 
other trials showed that the 6MWD of patients in both the 
combination therapy and placebo groups was increased, 
but that the increase was lower in the combination therapy 
group. Another trial showed that the 6MWD of patients 
was decreased after combination medication, but that that 
of patients in the placebo group was increased. 

  Combination therapy significantly improved exercise 
capacity. The heterogeneity test showed no significant re-
sults (I 2  = 10.6%; p = 0.35). We used the random effects 
model to assess the weighted mean improvement of exer-
cise capacity. Compared to the placebo group, the combi-

nation therapy group significantly improved 6MWD by 
22.22 m (WMD 22.22, 95% CI 13.58–30.86, p  !  0.0001) 
( fig. 2 a).

  NYHA/WHO Functional Class 
 Data for the NYHA/WHO functional class were avail-

able for 3 studies, benefits were not seen in functional class 
improvement (RR 1.29, 95% CI 0.37–4.5, p = 0.7) ( fig. 2 b).

References retrieved by search (n = 1,115)

Potentially relevant articles identified (n = 70)

Nonrandomized controlled trials (n = 18)

Excluded (n = 1,045)
Noncontrolled trials
Irrelevant

6 randomized controlled trials in PAH
were included in the meta-analysis

Reviews (n = 12)

Case reports (n = 20)

Acute hemodynamics studies (n = 3)

Study on Eisenmenger’s syndrome (n = 1)

Animal or in vitro studies (n = 5)

Data unavailable (n = 2)

Other (n = 3)

  Fig. 1.  Flow chart of the trial selection process, showing the num-
ber of citations retrieved by individual searches and the number 
of trials included. 

Table 1. R CT characteristics

Author Date of 
publi-
cation

Official 
acronym

Subjects Active drug Comparator Study 
period 
weeks

Etiology (%) Primary 
endpoint

Design

Humbert et al. [12] 2004 BREATHE-2 33 epoprostenol +
bosentan

epoprostenol +
placebo

16 IPAH (82), APAH (18) TPR RCT

McLaughlin et al. [13] 2006 STEP 67 inhaled iloprost1 placebo1 12 IPAH (55), APAH (45) 6MWD RCT
Hoeper et al. [14] 2006 COMBI 40 inhaled iloprost1 no placebo1 12 IPAH (100) 6MWD RCT
Simonneau et al. [15] 2008 PACES 267 sildenafil2 placebo2 16 IPAH (79), APAH (21) 6MWD RCT
Galie et al. [16] 2009 PHIRST 216 tadalafil1 placebo1 16 – 6MWD RCT
McLaughlin et al. [18] 2010 TRIUMPH I 235 treprostinil3 placebo3 12 IPAH/FPAH (56),

APAH (33), other (11)
6MWD RCT

A PAH = Associated with PAH; FPAH = familial PAH; IPAH = idiopathic PAH; TPR = total pulmonary resistance. 1 All patients were on background 
treatment with bosentan. 2 All patients were on background treatment with epoprostenol. 3 70% of patients were on background treatment with bosentan; 
30% of patients were on background treatment with sildenafil.
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  Clinical Worsening 
 Clinical worsening refers to death, hospitalization, 

symptomatic deterioration, lack of improvement and the 
need for treatment escalation, e.g. additional drugs, the 
occurrence of interatrial fistulization or lung transplan-
tation  [19] .

  Among the 858 subjects in the 6 trials, 56 (6.5%) de-
veloped clinical worsening, consisting of 39 (10.7%) in the 
placebo group and 17 (3.4%) in the combination therapy 
group. The incidence of clinical worsening was statisti-
cally significantly lower in the combination therapy 
group than in the placebo group (RR 0.48, 95% CI 0.26–
0.91, p = 0.023;  fig. 3 a).

  Mortality 
 Mortality data were available for all 6 studies. Com-

pared to the control group, combination therapy was not 
associated with a significant change in mortality (RR 
0.44, 95% CI 0.04–4.65, p = 0.494;  fig. 3 b).

  Hemodynamic Parameters 
 Data on mPAP and PVR were available for 3 studies, 

and on RAP and cardiac output for 2. Compared with the 
control group, the weighted mean reduction in RAP in 
the combination therapy group was –2.02 mm Hg (95% 
CI –3.35 to –0.68, p = 0.003;  fig. 4 a). Compared to the 
control group, the weighted mean reduction in mPAP 
and PVR in the combination therapy group was –5.56 
mm Hg (95% CI –8.84 to –2.29, p = 0.001) and –194.35 
mm Hg (95% CI –260.58 to –128.12, p  !  0.0001;  fig. 4 b, 
c), respectively. There was no significant change in car-
diac output in the combination therapy group compared 
to the control group (p = 0.31;  fig. 4 d). Only 1 trial  [12]  
assessed the cardiac index, and we did not evaluate this 
parameter in our analysis.

  Safety 
 All of the 6 trials evaluated the safety of combination 

therapy by assessing the serious adverse events. Specific 

Study ID ES (95% CI) Weight, %

McLaughlin et al. [13] 26.00 (–3.50, 55.50) 8.57
Hoeper et al. [14] –10.00 (–55.70, 35.90) 3.56
Simonneau et al. [15] 28.80 (12.30, 45.30) 27.41
Galie et al. [16] 23.00 (–2.00, 48.00) 11.94
McLaughlin et al. [18] 20.00 (8.00, 32.80) 48.53

Overall (I2 = 0.0%, p = 0.609) 22.22 (13.58, 30.86) 100.00

NOTE: weights are from random-effects analysis

Study ID RR (95% CI) Weight, %

Humbert et al. [12] 1.30 (0.62, 2.71) 38.41
McLaughlin et al. [13] 5.34 (1.28, 22.27) 28.06
Galie et al. [16] 0.39 (0.13, 1.13) 33.53

Overall (I2 = 76.5%, p = 0.014) 1.29 (0.37, 4.51) 100.00

NOTE: weights are from random-effects analysis

0 55.7–55.7

1 22.30.0449

  Fig. 2.   a  Random-effects meta-analysis of WMD (95% CI) of 6MWD with combination therapy compared to 
controls. Sizes of data markers indicate the weight of each study in the analysis.  b  Random-effects meta-analy-
sis of RR (95% CI) of functional class improvement with combination therapy compared to controls. ES = Eisen-
menger’s syndrome. 

a

b
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data can be gained from 4 of the 6 trials  [12–15] . In 1 of 
the 4 trials  [14] , no serious adverse events were found in 
the combination therapy group or in the control group. 
Among the 858 patients including those receiving com-
bination therapy (n = 495) and control therapy (n = 363), 
13 (1.5%) reported serious adverse events, consisting of 8 
(1.6%) in the combination therapy group and 5 (1.4%) in 
the control group. The incidence of serious adverse events 
was similar in the combination group and in the control 
group, and the difference was not statistically significant 
(p = 0.77;  fig. 5 ).

  Publication Bias 
 For each comparison, a statistical analysis of funnel 

plots suggested no publication bias.

  Discussion 

 This meta-analysis demonstrated that the combina-
tion therapy of PAH reduces the incidence of clinical 
worsening significantly and improves exercise capacity 
(measured by 6MWD) and hemodynamic status such as 
mPAP, RAP and PVR. There was no significant differ-
ence in the incidence of serious adverse events, showing 
that combination therapy is safe and well tolerated. Ame-
lioration of the NYHA/WHO functional class and an im-
provement regarding mortality were not found in our 
study.

  Potential combination therapy includes combining 
ERAs with prostanoids, ERAs with PDE5 inhibitors, 
prostanoids with PDE5 inhibitors and combining all 
3 classes of drugs. The multipathways involved in the 
pathophysiology and variable pathoetiology of PAH 
make combination therapy an attractive, logical treat-
ment option  [20, 21]  which is, in fact, in common use to-

Study ID RR (95% CI) Weight, %

Humbert et al. [12] 2.61 (0.14, 50.09) 4.48
McLaughlin et al. [13] 0.09 (0.01, 1.54) 4.78
Hoeper et al. [14] 0.83 (0.21, 3.24) 19.18
Simonneau et al. [15] 0.33 (0.15, 0.71) 48.92
McLaughlin et al. [18] 0.70 (0.20, 2.40) 22.64

Overall (I2 = 10.5%, p = 0.346) 0.48 (0.26, 0.91) 100.00

NOTE: weights are from random-effects analysis

Study ID RR (95% CI) Weight, %

Humbert et al. [12] 3.65 (0.21, 65.05) 34.42
Simonneau et al. [15] 0.07 (0.00, 1.15) 34.75
McLaughlin et al. [18] 0.35 (0.01, 8.45) 30.83
McLaughlin et al. [13] (Excluded) 0.00
Hoeper et al. [14] (Excluded) 0.00

Overall (I2 = 47.2%, p = 0.150) 0.44 (0.04, 4.65) 100.00

NOTE: weights are from random-effects analysis

1 1970.00508

1 2620.00382

  Fig. 3.   a  Random-effects meta-analysis of RR (95% CI) of clinical worsening with combination therapy com-
pared to controls.  b  Random-effects meta-analysis of RR (95% CI) of mortality with combination therapy com-
pared to controls. 

b

a
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Study ID ES (95% CI) Weight, %

Humbert et al. [12] –2.20 (–6.70, 2.30) 8.82
Simonneau et al. [15] –2.00 (–3.40, –0.60) 91.18

Overall (I2 = 0.0%, p = 0.934) –2.02 (–3.35, –0.68) 100.00

NOTE: weights are from random-effects analysis

Study ID ES (95% CI) Weight, %

Humbert et al. [12] –4.00 (–14.80, 6.80) 8.06
McLaughlin et al. [13] –8.00 (–11.20, –4.80) 40.31
Simonneau et al. [15] –3.90 (–6.00, –1.80) 51.63

Overall (I2 = 55.0%, p = 0.108) –5.56 (–8.84, –2.29) 100.00

NOTE: weights are from random-effects analysis

Study ID ES (95% CI) Weight, %

Humbert et al. [12] –165.40 (–443.80, 113.00) 5.66
McLaughlin et al. [13] –245.00 (–364.90, –125.10) 30.51
Simonneau et al. [15] –172.70 (–255.60, –89.80) 63.83

Overall (I2 = 0.0%, p = 0.610) –194.35 (–260.58, –128.12) 100.00

NOTE: weights are from random-effects analysis

Study ID ES (95% CI) Weight, %

McLaughlin et al. [13] 0.00 (–0.46, 0.46) 49.46
Simonneau et al. [15] 0.80 (0.37, 1.23) 50.54

Overall (I2 = 83.9%, p = 0.013) 0.40 (–0.38, 1.19) 100.00

NOTE: weights are from random-effects analysis

0 6.7–6.7

0 14.8–14.8

0 444–444

0 1.23–1.23

  Fig. 4.   a  Random-effects meta-analysis of WMD (95% CI) of RAP with combination therapy compared to con-
trols.  b  Random-effects meta-analysis of WMD (95% CI) of mPAP with combination therapy compared to con-
trols.  c  Random-effects meta-analysis of WMD (95% CI) of PVR with combination therapy compared to con-
trols.  d  Random-effects meta-analysis of WMD (95% CI) of cardiac output (CO) with combination therapy 
compared to controls. ES = Eisenmenger’s syndrome. 

a

b

c

d
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day in clinical practice. As data from the REVEAL regis-
try demonstrate, 45% of registered patients with PAH ac-
cepted treatment combining 2 or more drugs, and 9% 
accepted combination therapy with 3 or more drugs. The 
role of combination therapy has been explored, and the 
results are encouraging  [22, 23] . However, the evidence 
supporting combination treatment is still poor, and there 
has not yet been any definite approval of combination 
therapy from the American College of Cardiology Foun-
dation and the American Heart Association. To our 
knowledge, a meta-analysis of available RCTs focusing on 
combination therapy has not been published, and the fa-
vorable results observed in our meta-analysis supplied 
the basis of evidence-based medicine for the combination 
treatment of PAH for the first time, with both theoretical 
and clinical significance.

  An important finding of this meta-analysis was the 
significant decrease in the incidence of clinical worsen-
ing in the combination therapy group. As a composite 
endpoint, clinical worsening has been used as a measure-
ment of morbidity and mortality  [24, 25] . It is superior to 
other endpoints in that it reflects the true clinical status 
and degree of disease progression in a patient population, 
and from previous study data its sensitivity for assessing 
combination therapy is promising. The results in this me-
ta-analysis showed that 10.7% of patients in the control 
group and 3.4% of that in the combination therapy group 
developed clinical worsening; this suggests that although 
combination therapy can delay disease progression, PAH 
is still a progressive and incurable disease.

  Our meta-analysis found that combination therapy 
significantly improved exercise capacity, measured by the 
6MWD observed in 5 of 6 RCTs. The weighed mean im-

provement of 6MWD in the combination therapy group 
compared to the control group was 22.22 m, suggesting 
that combination treatment can improve the symptoms 
of patients with PAH. It is noteworthy that the placebo-
corrected change in 6MWD in most of the RCTs is less 
than in many studies of monotherapy, which may be due 
to the short follow-up time of combination therapy or to 
the blunted response of patients to the further vasodila-
tive effect of the add-on drugs.

  This study observed statistically significant improve-
ments in several hemodynamic parameters, including 
mPAP, RAP and PVR. The incidence of serious adverse 
events was similar in the combination treatment group 
and in the control group, with no significant difference 
between the two, suggesting that combination therapy of 
patients with PAH is safe and well tolerated. However, 
clinicians must still consider the risk of drug-drug inter-
actions and the possible increased risk of additive toxici-
ties. Close monitoring is necessary, although the drug in-
teractions have so far not been found to be of clinical rel-
evance. 

  As this meta-analysis showed, combination therapy 
resulted in a 56% nonsignificant improvement in all-
cause mortality in the 858 patients. The previous two me-
ta-analyses identified a reduction in all-cause mortality 
with pharmacotherapy of 43 and 39%, respectively  [26, 
27] , both of which included more than 20 RCTs and 3,500 
subjects. The reason for there being no benefit of combi-
nation therapy regarding mortality is unclear; it may be 
due to the small sample size of patients and studies or to 
the short duration of trials. But our run of results suggests 
that combination therapy may be a good clinical choice 
in improving symptoms and delaying disease progres-

Study ID RR (95% CI) Weight, %

Humbert et al. [12] 0.75 (0.15, 3.85) 42.82
McLaughlin et al. [13] 1.94 (0.18, 20.40) 20.72
Simonneau et al. [15] 1.49 (0.25, 8.77) 36.47
Hoeper et al. [14] (Excluded) 0.00

Overall (I2 = 0.0%, p = 0.766) 1.17 (0.40, 3.42) 100.00

NOTE: weights are from random-effects analysis

1 20.40.049

  Fig. 5.  Random-effects meta-analysis of RR (95% CI) of serious adverse events with combination therapy com-
pared to controls.         
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sion, although not in improving prognosis (such as death). 
More large-scale studies should be designed to adequate-
ly shed light on this issue.

  In addition to the commonly used endpoints men-
tioned above, N-terminal pro-brain natriuretic peptide 
(NT-proBNP) has been increasingly used as a biomarker 
for screening for PAH in high-risk patients  [28] . Only 
1 study in our meta-analysis assessed the level of NT-
proBNP  [18] . Due to NT-proBNP correlating with sur-
vival and other important endpoints  [29, 30] , more RCTs 
of PAH should confirm its role and include it as a second-
ary endpoint in the future.

  Our study has several limitations. First, the majority 
of the included trials had a small sample size and a rela-
tively short duration, making it difficult to assess the 
long-term effect of combination therapy. Second, because 
of the small number and differing design of the 6 studies, 
we did not perform a subgroup analysis to assess the ef-
fect of each class of combining strategies. Third, although 
several results of this study are positive, it is not clear 
whether a small increase of 6MWD (less than 30 m) and 
changes in only some hemodynamic parameters have an 
obvious clinical effect.

  In conclusion, this meta-analysis suggests that combi-
nation therapy of patients with PAH is efficient in im-
proving the symptoms and delaying disease progression, 
and is safe and well tolerated. Based on the current litera-
ture, the outlook of combination treatment is encourag-
ing. However, most current studies are open, observa-
tional and have a relatively small number of enrolled pa-
tients. In future studies, large RCTs should be designed 
to adequately assess the efficacy and safety of combina-
tion therapy. 
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