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Previous studies comparing combination therapy (CT) of pulmonary vasodilators to mono-
therapy (MT) in patients with pulmonary arterial hypertension (PAH) report conflicting
results as to whether CT is more efficacious than MT. We systematically searched the
Cochrane Library, EMBASE, and MEDLINE databases for randomized controlled trials
comparing CT to MT for patients with PAH. Data were pooled using the DerSimonian—
Laird random-effects model. Six randomized controlled trials including 729 patients met
our inclusion criteria. Follow-up ranged from 12 to 16 weeks. Compared to MT, CT
resulted in a modest increase in 6-minute walk distance at the end of follow-up (weighted
mean difference 25.2 m, 95% confidence interval [CI] 13.3 to 37.2). CT did not decrease
mortality (risk ratio [RR] 0.42, 95% CI 0.08 to 2.25), admissions for worsening PAH (RR
0.72, 95% CI 0.36 to 1.44), or escalation of therapy (RR 0.36, 95% CI 0.09 to 1.39) and did
not improve New York Heart Association functional class (RR 1.32, 95% CI 0.38 to 4.5)
compared to MT. Incidence of study-drug discontinuation was similar between groups (RR
0.89, 95% CI 0.53 to 1.48). CT did not decrease the combined end point of mortality,
admission for worsening PAH, lung transplantation, or escalation of PAH therapy (RR
0.42, 95% CI 0.17 to 1.04). In conclusion, this meta-analysis suggests that in PAH CT does
not offer an advantage over MT apart from modestly increasing exercise capacity. How-
ever, given the paucity of good-quality data, more studies are required to define the efficacy

of CT in this population before establishing final guidelines.
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Pulmonary arterial hypertension (PAH) is a progressive
disease of the pulmonary vasculature causing inexorable
right heart failure and death.! Although the condition re-
mains incurable, the previous 15 years have seen the devel-
opment of novel pharmacologic agents for treating PAH.
The 3 main classes of drug currently licensed for PAH are
prostanoids, endothelin receptor antagonists, and phospho-
diesterase-5 inhibitors.>* A recent meta-analysis of mono-
therapy (MT) trials has suggested weak mortality benefit of
vasodilator therapy over placebo.” Combination therapy
(CT) modulates disease pathways at multiple sites and may
improve patient outcomes without necessarily increasing
drug toxicity.® Several randomized clinical trials of CT have
been published with conflicting results in terms of efficacy
(exercise capacity or clinical worsening events) but with
good safety outcomes.”® Abraham et al’ published a sys-
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tematic review of CT in 2010 but the study did not include
searches in EMBASE and the Cochrane Library and incor-
porated several observational studies. Pooling of results was
not performed in that study. The current “Dana Point” PAH
guidelines have given a grade ITA to IIB recommendation
for CT, indicating weak support for its use." In view of the
inconclusive data from the published literature we per-
formed a systematic review and meta-analysis of random-
ized controlled trials (RCTs) of CT for PAH and its effect
on clinical worsening events and 6-minute walk distance
(6MWD).

Methods

We searched MEDLINE, EMBASE, and the Cochrane
Library from 1980 through January 2011. Search terms
were designed to provide maximum sensitivity in detecting
therapeutic trials in PAH. The search terms were “([prosta-
noid or epoprostenol or prostacyclin or Flolan or iloprost or
Ventavis or Remodulin or treprostinil] or [ ‘endothelin receptor
antagonist’ or bosentan or Tracleer or sitaxsentan or Thelin
or ambrisentan or Volibris] or [ ‘phosphodiesterase 5 inhibitor’
or sildenafil or Viagra or Revatio or vardenafil or Levitra or
tadalafil or Adcirca] and [pulmonary hypertension] and Hu-
mans).” There was no language restriction. We subsequently
hand-searched the references of narrative reviews, guidelines,
and other retrieved documents to identify any publications not
identified in the database search. We excluded conference
abstracts because the data therein are often preliminary and
have not been thoroughly peer reviewed.

We included a study in the systematic review if (1) it was
a trial in which subjects were randomly assigned to placebo
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Figure 1. Progress of systematic review of literature.

Table 1
Study-level characteristics of randomized controlled trials comparing dual combination therapy to monotherapy/placebo

Study Year Follow-up Baseline Therapy Active Therapy Arm Jadad Score
(weeks)
PHIRST-1b'® 2011 16 Bosentan PO Tadalafil 40 mg/day PO 5 (excellent)
TRIUMPH-1# 2010 12 Bosentan (70%) or sildenafil (30%) PO INH treprostinil 18-54 ug 4X/day 3 (good)
PACES’ 2008 16 Epoprostenol IV Sildenafil 20-80 mg 3X/day PO 5 (excellent)
STEP!’ 2006 12 Bosentan PO INH iloprost 5 ug 6-9X/day 4 (very good)
COMBI'® 2006 12 Bosentan PO INH iloprost 5 ug 6X/day 3 (good)
BREATHE-2"° 2004 16 Epoprostenol IV Bosentan 125 mg 2X/day PO 3 (good)
INH = inhaled; IV = intravenously; PO = orally.
Table 2
Patient characteristics of randomized controlled trials comparing dual combination therapy to monotherapy/placebo
Placebo Arm Active Therapy Arm
Age, Mean = SD Women IPAH/CTD/Other Age, Mean = SD Women IPAH/CTD/Other
PHIRST-1b 52*16 78% 69%/18%/13% 50 =13 79% 52%126%/48%
TRIUMPH-1 52 (18-75)* 82% 56%/31%/13% 55 (20-75)* 81% 56%/35%/9%
PACES 48+ 13 77% 79%/17%/4% 48 =13 82% 80%/16%/4%
STEP 49 =15 79% 61%/39%" 51 =14 79% 61%/39%"
COMBI 56 =13 76% 100%/0%/0% 48 = 14 79% 100%/0%/0%
BREATHE-2 47+ 19 55% 91%/9%/0% 45+ 17 77% 77%123%/0%

* Only range given.
¥ Combined CTD and others.
CTD = connective tissue disease; IPAH = idiopathic pulmonary arterial hypertension. Other abbreviations as in Table 1.

or active therapy on the background of treatment with an
approved PAH therapy in a parallel-group design; (2) it
reported the clinical outcomes of interest; and (3) follow-up
was =12 weeks. Two investigators (B.D.F. and A.S.) inde-
pendently extracted data from each trial. Results were com-
pared and any disagreements were resolved by consensus.
Data extracted for each trial included the author, trial title,
year of publication, study design, length of follow-up, num-

ber of participants and their characteristics, drug in the
active treatment arm, and background PAH therapy. Pooled
efficacy outcomes were 6MWD and clinical worsening end
points: death, admission to a hospital for PAH deterioration,
lung transplantation, and escalation of treatment (defined as
addition of another approved PAH therapy or increase in
epoprostenol dose >10%, where appropriate). A combined
clinical worsening end point was calculated for each study
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Table 3
Prespecified clinical end points in the different studies
Study Death Admission Transplantation Treatment Escalation NYHA Change Septostomy
PHIRST-1b + + + + + +
TRIUMPH-1 + + + + + -
PACES + + + + - -
STEP + + + + + +
COMBI + + - - + -
BREATHE-2 - - - - + -
NYHA = New York Heart Association. Other abbreviations as in Table 1.

Table 4
Study outcomes in randomized controlled trials comparing dual combination therapy to monotherapy/placebo
Study MT CT

Number Death Adm Tx Esc DATE Disc Number Death Adm Tx Esc DATE Disc
PHIRST-1b 45 1 0 0 0 1 — 42 0 1 0 1 2 —
TRIUMPH-1 120 1 5 0 0 6 9 115 0 4 0 0 4 13
PACES 133 7 11 1 17 36 14 134 0 8 0 2 10 8
STEP 33 0 4 — 1 5 5 34 0 0 — 0 0 4
COMBI 21 0 0 — — — 0 19 0 0 — — — 0
BREATHE-2 11 0 — — — — 1 22 3 — — — — 1

— = not available; Adm = admission to hospital for deterioration of pulmonary arterial hypertension; DATE = combined outcomes of clinical worsening
(death, admission, transplantation, escalation of treatment); Disc = discontinued study; Esc = escalation of pulmonary arterial hypertension therapy; Tx =

need for lung transplantation. Other abbreviations as in Table 1.

as the sum of end points just described. For a surrogate
safety analysis we extracted data on study discontinuations
for any reason. Where available, data on pulmonary hemo-
dynamics were qualitatively compared. When data were
incompletely presented in the published article, we con-
tacted the study sponsor directly to request the information
required. For every study we scored the quality of the trial
according to the scale of Jadad et al.'”

We used the DerSimonian—Laird random-effects model,
which accounts for within-study and between-study vari-
ability to estimate pooled risk ratios (RRs) with their 95%
confidence intervals (Cls) for event data.!’ Pooled effects
on 6MWD are presented as weighted mean differences with
corresponding 95% CIs. Forest plots were created for each
outcome. Where there were no events in 1 treatment group,
we used a 0.5 continuity correction. If there were no events
in either group, then any measurement of effect summarized
as a ratio cannot be defined, and the trial was excluded from
pooled analysis. Statistical heterogeneity was assessed us-
ing the Cochrane Q statistic (p <0.1 considered significant).
We also calculated the I? statistics to estimate the proportion
of variation attributable to between-study heterogeneity. We
used R 2.11.1 with the meta package for statistical analy-
sis.!>!3 The report was drafted with reference to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) statement.'*

Results

Our database search identified 5,222 studies after re-
moval of duplicate studies (Figure 1). No further articles
were retrieved by manual searching. After reviewing title
and abstracts to exclude irrelevant articles, 70 studies were
reviewed in detail. Of these, 64 were rejected (11 narrative

reviews or editorials, 34 uncontrolled case series/obser-
vational studies, 18 single-case reports). One RCT (Pul-
monary Arterial Hypertension and Response to Tadalafil
[PHIRST-1] study comparing tadalafil to placebo) was
reported 2 times—1 time with all patients and then by a
prespecified analysis of patients recruited to the study on
baseline therapy with bosentan.'>'® We used the bosen-
tan subgroup study for the meta-analysis (referred to as
PHIRST-1b) and extracted data for placebo and tadalafil
40 mg/day. Overall 6 RCTs met the prespecified inclu-
sion criteria.”®10-19

Characteristics of the 6 included RCTs are presented
in Table 1. All studies were randomized and placebo
controlled. Studies were double-blinded, except for the
COMbination of Bosentan and aerosolized Iloprost in idio-
pathic pulmonary arterial hypertension (COMBI) study.'®
All scored =3 on the Jadad scale, indicating good study
design. In total 729 patients were enrolled; 363 received MT
with placebo and 366 received CT; demographic data are
listed in Table 2. All studies presented data on clinical
outcomes and 6MWD, although Bosentan: Randomized
trial of Endothelin receptor Antagonists THErapy for PAH
(BREATHE)-2 did not define the end points of death, ad-
mission, transplantation, and treatment escalation a priori
(Table 3). Raw event data are presented in Table 4.

At study enrollment there were no significant differences
between treatment and placebo groups in 6MWD (5 RCTs,
n = 685, weighted mean differences 3.82 m, 95% CI 6.8 to
14.4) or number of patients in New York Heart Association
class III (6 RCTs, n = 714, RR 0.99, 95% CI 0.96 to 1.03).
There was evidence of mild heterogeneity between studies
in 6MWD (I*> = 0%, p = 0.84) and New York Heart
Association class (I = 27%, p = 0.25).
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Figure 2. Forest plot of effect of combination therapy (ComboRx) on change in 6-minute walk distance. MD = mean difference; MonoRx = monotherapy;
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ComboRx MonoRx
Study Total Mean SD Total Mean SD MD
PHIRST-1b 42 402 56 45 18.8 62 ——% 2140
PACES 133 29.8 67 123 1.0 67 —8— 28.80
STEP 34 30.0 60 33 4.0 61 T—+— 26.00
COMBI 19 9.0 100 21 1.0 27 - 8.00
Random effects model 228 222 —_ 25.22
Heterogeneity: I-squared=0%, p=0.8483 :
| N I R
-20 0 20 40
Favors MonoRx Favors ComboRx

95%~Cl W(random)

[ -3.40; 46.20)
[12.37; 45.23]
[ -2.98; 54.98]
[-38.42; 54.42]

[ 13.26; 37.18]

28.3%
53.0%
17.0%

6.6%

100%

W = weight.

ComboRx MonoRx :
Study Events Total Events Total : RR 95%-Cl W(random)
PHIRST-1b o] 42 1 45 —_— 0.36 [0.01; 8.52] 23.0%
TRIUMPH-1 0 115 1 120 —_— 0.35 [0.01; 8.45] 22.8%
PACES 0 134 7 133 —'—— 0.07 [0.00; 1.15] 27.3%
BREATHE-2 3 22 o 11 ——r——+— 3.58 [0.20;63.53] 26.9%
Random effects model 3 313 9 309 -¢=— 0.42 [0.08; 2.26] 100%
Heterogeneity: |-squared=21.3%, p=0.2825 d

01 0512 10
Favors ComboRx Favors MonoRx

Figure 3. Forest plot of effect of combination therapy on death. Other abbreviations as in Figure 2.

ComboRx MonoRx

Study Events Total Events Total RR 95%-Cl W(random)
PHIRST-1b 2 42 1 45 ——1+——— 214 [0.20;22.77] 12.1%
TRIUMPH-1 4 115 6 120 —_— 0.70 [0.20; 2.40] 29.8%
PACES 10 134 36 133 . 0.28 [0.14; 0.53] 49.4%
STEP 0 34 5 B——u——— 0.09 [0.01; 1.53] 8.8%
Random effects model 16 325 48 331 - 0.42 [0.17; 1.04] 100%
Heterogeneity: I-squared=38.2%, p=0.1829 :

Favors ComboRx

01 051 2 10
Favors MonoRx

Figure 4. Forest plot of effect of combination therapy on combined clinical worsening (death, admissions, transplantation, and escalation of treatment).

Abbreviations as in Figures 2 and 3.

In pooled analysis of change in 6MWD there was a
significant increase favoring the CT group (4 RCTs, n =
450, weighted mean differences +25.2 m, 95% CI 13.3 to
37.2; Figure 2). There was no significant heterogeneity
between studies (I’ = 0%, p = 0.85). With regard to
improvement in New York Heart Association functional
class, we found no difference between MT and CT (3 RCTs,
n = 183, RR 1.32, 95% CI 0.38 to 4.5), with significant
heterogeneity between studies (I = 77%, p = 0.01). Het-
erogeneity was driven by a larger number of New York
Heart Association class improvements in the placebo arm of
the PHIRST-1b study.'® For worsening New York Heart
Association class, there was also no beneficial effect of CT
(3 RCTs, n = 194, RR 0.78, 95% CI 0.32 to 1.89). There
was no heterogeneity between studies for worsening New
York Heart Association class (I2 = 0%, p = 0.85).

In mortality analysis there was no advantage to CT
compared to MT (4 RCTs, n = 624, RR 0.42, 95% CI 0.08

to 2.25; Figure 3). There was evidence of mild heterogene-
ity in mortality analysis (I = 48%, p = 0.15). Number of
admissions to a hospital was unchanged by CT (4 RCTs,
n = 594, RR 0.72, 95% CI 0.36 to 1.44). There was mild
heterogeneity between studies in hospital admission (I> =
21%, p = 0.28). Transplantation end points were not sub-
jected to pooled analysis because only 1 transplantation
event was reported in all 6 studies Pulmonary Arterial
hypertension Combination study of Epoprostenol and Silde-
nafil (PACES) study, placebo arm).” Examining the need
for escalation of therapy, there was no significant difference
between CT and MT (3 RCTs, n = 421, RR 0.36, 95% CI
0.09 to 1.39). There was no evidence of heterogeneity be-
tween studies in treatment escalation data (I2 = 0%, p =
0.46). Premature study discontinuations were similar for CT
and MT (5 RCTs, n = 642, RR 0.89, 95% CI 0.53 to 1.48).
There was no between-study heterogeneity for study dis-
continuation (I* = 0%, p = 0.40). For the combined clinical
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Table 5
Changes in pulmonary hemodynamics in combination therapy clinical
trials

Study RAP MPAP Cco PVR SvO,
PHIRST-1b ? ? ? + ?
TRIUMPH-1 ? ? ? ? ?
PACES + + + + +
STEP* ? + ? + ?
COMBI ? ? ? ? ?
BREATHE-2 0 0 0 0 0

* Postinhalation hemodynamics only.
— = favors monotherapy; ? = not available; + = favors combination
therapy; 0 = no difference; CO = cardiac output; MPAP = mean pulmo-
nary artery pressure; PVR = pulmonary vascular resistance; RAP = right
atrial pressure; SvO, = mixed venous oxygen saturation. Other abbrevia-
tions as in Table 1.

worsening end point (death, admission, transplantation,
treatment escalation), pooled analysis revealed that CT was
not different from MT (4 RCTs, n = 656, RR 0.42, 95% CI
0.17 to 1.04; Figure 4). There was evidence of mild heter-
ogeneity between studies for the end point of death, admis-
sion, transplantation, and treatment escalation (I* = 38%,
p = 0.18). Forest plots for admission, escalations, and
discontinuations are in the supplementary data file.

Pulmonary hemodynamics were not reported with suffi-
cient consistency to allow for pooled analysis. In general
patients receiving CT had modest improvements in right
atrial pressure, mean pulmonary artery pressure, and cardiac
output compared to the MT group (Table 5).

Discussion

We performed a meta-analysis of 6 RCTs of CT versus
MT for treating patients with PAH. The clinical worsening
end points examined were death, admission to hospital,
transplantation and escalation of PAH therapy, a combined
end point of these events (death, admission, transplantation,
and treatment escalation), and change in 6MWD. In the
entire meta-analysis of clinical worsening events (alone and
combined) CT did not have a statistically significant bene-
ficial effect. 6MWD did increase significantly in the CT
arm, although New York Heart Association functional class
did not improve. Discontinuations from the study were
similar in the 2 groups, providing an indirect signal that
safety was acceptable with CT.

This is the first comprehensive meta-analysis of RCTs to
specifically address the efficacy of CT in PAH. Previous
investigators reviewing the literature have concluded that
the evidence is insufficient or have given support to the
concept of CT.>** Current American Heart Association/
European Society of Cardiology guidelines for treatment of
PAH have given a grade IIA to IIB recommendation for CT
in PAH (interpretation—weight of evidence/opinion is in
favor of usefulness/efficacy).’ Our study supports this con-
clusion only for improving exercise capacity but not for
preventing clinical worsening.

The main limitation in interpreting this meta-analysis is
that we pooled data from studies comparing different com-
binations of pulmonary vasodilators. Five of the 6 studies

included parenteral prostanoids (3 inhaled, 2 intravenous)
with an endothelin receptor antagonist (bosentan, 5 RCTs)
or phosphodiesterase-5 inhibitor (sildenafil, 2 RCTs; Table
1). Only 1 study evaluated 2 oral medications (PHIRST-1b).
However, the prevailing concept of CT in PAH is that a
combination of any 2 classes of therapy is superior to MT.
Current guidelines imply that any form of CT is acceptable.’
Our meta-analysis therefore addresses current thinking di-
rectly and our results are highly relevant to the debate. With
such a limited number of studies and many potential com-
binations, it is not possible to say which 2 medications
might be the most effective in combination. It is also un-
likely that this question will ever be answered definitively
because this would require a large multiarm trial and open
cooperation among different pharmaceutical companies.
When commencing CT, the physician must rely on clinical
judgment alone.

In addition to between-study heterogeneity for which
medications are combined, there were some important dif-
ferences in study design. Five of 6 studies analyzed included
patients who were “clinically stable” on their baseline treat-
ment and the experimental treatment was added “step-
wise,” as suggested by Hoeper et al.>' An alternative model
of CT is immediate commencement in newly diagnosed
patients. This model of CT was examined in only 1 trial
(BREATHE-2) where all patients were commenced on
treatment with intravenous epoprostenol and after 2 days
were randomized to additional bosentan or placebo.'® This
was the only study in which mortality was higher in the
treatment group (Figure 3). This evidence does not, in our
opinion, disqualify the approach of de novo CT but simply
highlights the need for large RCTs to evaluate it. When
mortality analysis is performed without the BREATHE-2
study, the RR and 95% CI remain nonsignificant (3 RCTs,
n = 594, RR 0.18, 95% CI 0.03 to 1.05).

For our meta-analysis there was a relatively limited body
of quality evidence in the small number of patients and short
duration of follow-up. This is a recurring theme in the
literature of PAH therapy and our meta-analysis is clearly
unable to overcome this limitation. It does underline the
need for longer-term RCTs of CT to properly understand the
risks and benefits over time. For the same reason we cannot
say whether the minor beneficial effects of CT over MT are
maintained over time. Reporting of events and physiologic
outcomes is inconsistent between studies and the precise
definition of overall clinical worsening is variable. This
meant that pooled analyses were performed typically on 3 to
4 studies, which increases the likelihood for type I statistical
error.

The utility of “escalations of PAH therapy” as a clinical
worsening end point must also be questioned in this context.
In all studies “escalation” meant treating the subject with an
additional pulmonary vasodilator. In the PACES study an
increase of >10% in epoprostenol dose was also considered
escalation.” In the pooled placebo data only 37 of 211
subjects “required” escalation of treatment, indicating that
83% of placebo-treated patients did not. All patients in the
CT arm had treatment escalations by definition and 12 of
210 of them seem to have required a second escalation to
triple therapy. It seems illogical to promote escalating to CT
as a means to prevent treatment escalations. We suggest that
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treatment escalations should not form part of the combined
clinical end points in CT trials. Preventing escalations to
intravenous/subcutaneous prostanoids would be more suit-
able in a study combining nonprostanoid vasodilators. Re-
quirement for any additional PAH drug would certainly be
a useful end point in clinical trials of nonvasodilator drugs
being investigated for PAH such as tyrosine kinase inhibi-
tors and statins.*>** The transplantation event occurred only
1 time in all the studies and septostomy did not occur so
these end points may also lack sensitivity in the context of
such short studies.

It is also possible that there is publication bias in the
CT literature. We are aware of 2 clinical trials that have
been completed but their results have not been fully
published (FREEDOM-DR and AmbRIsentan in pulmo-
nary arterial hypertension, randomized double blind
Efficacy Study (ARIES)-3, http://www.clinicaltrials.org, iden-
tifiers NCT00760916 and NCTO00380068, respectively).
There are several clinical trials of CT in progress. We note
with particular interest the AMBrlsentan and Tadalafil com-
binatlON therapy in subjects with pulmonary arterial hy-
pertension (AMBITION) study (http://www.clinicaltrial-
s.org, NCT01178073), which has a novel 3-arm design: 2
MTs (ambrisentan and tadalafil) and their combination
are compared over 24 weeks in treatment-naive patients.
In the meantime our meta-analysis shows only modest
advantages of CT over MT. More studies are required to
define the efficacy of CT in this population. Investigators
and industry should publish all data on CT in PAH
irrespective of study results to enable a future meta-
analysis to reach firmer conclusions and help finalize
guidelines.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.amjcard.
2011.06.021.
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