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Uncontrolled and controlled clinical trials with different compounds and procedures are reviewed to define the risk-
benefit profiles for therapeutic options in pulmonary arterial hypertension (PAH). A grading system for the level of
evidence of treatments based on the controlled clinical trials performed with each compound is used to propose an
evidence-based treatment algorithm. The algorithm includes drugs approved by regulatory agencies for the treatment
of PAH and/or drugs available for other indications. The different treatments have been evaluated mainly in idio-
pathic PAH, heritable PAH, and in PAH associated with the scleroderma spectrum of diseases or with anorexigen use.
Extrapolation of these recommendations to other PAH subgroups should be done with caution. Oral anticoagulation is
proposed for most patients; diuretic treatment and supplemental oxygen are indicated in cases of fluid retention and
hypoxemia, respectively. High doses of calcium-channel blockers are indicated only in the minority of patients who
respond to acute vasoreactivity testing. Nonresponders to acute vasoreactivity testing or responders who remain in
World Health Organization (WHO) functional class I, should be considered candidates for treatment with either an
oral phosphodiesterase-5 inhibitor or an oral endothelin-receptor antagonist. Continuous intravenous administration of
epoprostenol remains the treatment of choice in WHO functional class IV patients. Combination therapy is recom-
mended for patients treated with PAH monotherapy who remain in WHO functional class lll. Atrial septostomy and
lung transplantation are indicated for refractory patients or where medical treatment is unavailable. (J Am Coll

Cardiol 2009;54:578-84) © 2009 by the American College of Cardiology Foundation

In 1891, Ernst von Romberg, a German physician, described
an autopsy subject as having “pulmonary vascular sclerosis™
however, it is only since 1995 with the introduction of
intravenous epoprostenol that disease-specific targeted medical
therapies for pulmonary arterial hypertension (PAH) have
become available. Furthermore, significant advances in the
treatment of PAH have occurred during the past 15 years.
Currently 9 medical therapies have either received regulatory
approval or are under regulatory review. These agents target
the prostacyclin pathway, the nitric oxide pathway, and the
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endothelin pathway. Combination trials have demonstrated
additive or synergistic benefit by targeting 2 or all 3 of these
pathways.

Until the 1980s, attempts to reduce pulmonary arterial
pressure were performed with nonselective (pulmonary and
systemic) vasodilators. Favorable and sustained results were
convincingly shown only with the use of high doses of
calcium-channel blockers (CCBs) and only in the minority of
patients who responded to acute vasoreactivity testing (1-6). In
addition, oral anticoagulant treatment was considered effective
on the basis of retrospective or uncontrolled studies (1,7-9). In
the 1990s, treatment with continuous IV administration of
epoprostenol was shown in 3 nonblinded randomized clinical
trials (RCTs) to improve symptoms, exercise capacity, and
hemodynamic status in PAH and to improve survival in
idiopathic pulmonary arterial hypertension (IPAH)/heritable
pulmonary arterial hypertension (HPAH) (10-12). During
that period, favorable results of several uncontrolled series of
PAH patients who underwent atrial septostomy or lung
transplantation were also reported (13-16).

Twenty RCT's with 9 new compounds as monotherapy have
been completed in PAH patients (10-12,17-31). In addition,
6 RCTs testing combinations of agents (e.g., endothelin-
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receptor antagonists [ERAs] and phosphodiesterase [PDE]-5
inhibitors, or prostanoid and ERA or PDE-5 inhibitors) have
been completed (32-37). Approximately 5,000 patients have
participated in these studies aimed at developing effective
treatments for PAH.

The conclusions derived from clinical trials over the past 15
years have provided us with an evidence-based treatment
strategy. The purpose of the present report is to review the
RCTs performed in PAH and to propose an evidence-based
updated treatment algorithm that incorporates currently avail-
able therapies. This algorithm can be used worldwide, subject
to the availability of specific drug therapies.

Uncontrolled Clinical Studies in PAH

Anticoagulants. The evidence for favorable effects of oral
anticoagulant treatment in patients with IPAH, HPAH, or
PAH associated with anorexigens is based on retrospective
analyses from 7 studies, of which 5 were positive and 2 were
negative (1,7-9). The survival of anticoagulated patients se-
lected on the basis of clinical judgment was improved, as
compared with a concurrent population that was not treated
with oral anticoagulants. Three-year survival improved from
21% to 49% in the series reported by Fuster et al. (7); and the
3- and 5-year survival rates increased from 31% to 47% and
from 31% to 62%, respectively, in the series reported by Rich
et al. (1). These studies were not randomized, and one can
argue that the lower survival of the control groups could be
related to comorbidity that precluded the use of anticoagula-
tion in the untreated patients. In addition, only IPAH,
HPAH, and anorexigen-related PAH patients were included
in the studies. In recent RCTs, approximately 70% of patients
were treated with oral anticoagulants (10-12,17-37). Interest-
ingly, the highest prevalence of oral anticoagulant treatment
was seen in the trials involving mainly IPAH and HPAH
patients in World Health Organization (WHO) functional
class IIT and IV, whereas the lowest prevalence was observed in
a trial of patients with scleroderma. It should be emphasized
that there is no evidence of any difference in the efficacy of oral
anticoagulant therapy on the basis of functional class severity.
Diuretics, digoxin, and oxygen. The symptomatic and
clinical benefits of diuretic treatment in right heart failure
preclude the need for controlled trials to demonstrate efficacy
in PAH. In recent RCT's with new treatments, approximately
50% to 70% of patients were treated with diuretics (38,39).
The lack of trials with specific classes of diuretics in PAH and
individual variability in responses leave the choice of the type
and dose of drug to be used in individual cases to the
experience of the physician.

Short-term intravenous (IV) administration of digoxin in
IPAH produces a modest increase in cardiac output and a
significant reduction in circulating norepinephrine (40); no
data are available on the effects of long-term treatment.
Accordingly, the use of digitalis in PAH patients is based
primarily on the judgment of the physician rather than on
scientific evidence of efficacy. Digoxin was administered to

approximately 25% to 50% of pa-
tients in recent RCTs in PAH
(38).

No consistent data are currently
available on the effects of long-
term oxygen treatment in PAH.
Although improvement in pulmo-
nary hypertension (PH) with low-
flow supplemental oxygen has
been reported in some PAH pa-
tients (41), this has not been con-
firmed in controlled trials. In a
controlled study in patients with
Eisenmenger syndrome, nocturnal
oxygen therapy had no effect on
hematologic variables, quality of
life, or survival (42); in contrast, a
previous study suggested increased
survival (43).

CCBs. Favorable clinical and
prognostic effects of high doses of
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Abbreviations
and Acronyms

CCB = calcium-channel
blocker

ERA = endothelin receptor
antagonist

ET, = endothelin receptor A
ETg = endothelin receptor B

HPAH = heritable
pulmonary arterial
hypertension

INR = international
normalized ratio

IPAH = idiopathic
pulmonary arterial
hypertension

IV = intravenous

PAH = pulmonary arterial
hypertension

PDE = phosphodiesterase

PH = pulmonary

oral CCB drugs in acutely vasore-  hypertension
active patients with IPAH have
been shown in single-center, non-
randomized, uncontrolled studies
(1-6). In these studies, the control
group consisted of nonresponders,
who might have a poorer prognosis, as compared with acutely
vasoreactive individuals (3). Furthermore, the demonstration of
a consistent reduction of pulmonary artery pressure by acute
pharmacologic testing in vasoreactive patients raises ethical
questions concerning the appropriateness of performing
placebo-controlled clinical trials in these patients.

A definition of “a positive acute vasoreactive response” to
predict long-term response with high-dose oral CCBs was
proposed at the 3rd World Symposium on Pulmonary Hyper-
tension in 2003 (5). With this definition—reduction of mean
pulmonary arterial pressure =10 mm Hg to reach a mean
pulmonary arterial pressure =40 mm Hg with a normalized or
increased cardiac output with acute pulmonary vasodilator
challenge with either inhaled nitric oxide or intravenous
epoprostenol—<10% of IPAH patients have a positive acute
vasoactive response.

Favorable results of long-term administration of high doses
of oral CCBs have also been shown in children with IPAH
(4,6). In contrast, the effects of high-dose CCBs on associated
forms of PAH have not yet been clearly demonstrated (41).
Acute vasodilator testing is recommended for all PAH pa-
tients, even though patients with IPAH and anorexigen-
induced PAH are more likely to respond. Furthermore, al-
though functional class IV patients are less likely to respond
than functional class II and III patients, some functional class
IV patients might respond favorably to acute vasodilator testing
and might benefit from CCBs; however, it is recommended
that these patients be evaluated in a specialized PH center.
Empirical treatment with CCBs without a positive response

RCT = randomized
controlled trial

WHO = World Health
Organization
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with acute vasodilator testing using either inhaled nitric oxide
or IV epoprostenol is contraindicated (41).

Surgical and interventional procedures. Lung transplan-
tation or atrial septostomy might be indicated in select patients
who progress despite optimal medical therapy or for whom
medical therapy is not available. Lung transplantation and
atrial septostomy are discussed in detail in another article in
this supplement (44).

Controlled Clinical Trials in PAH

Synthetic prostacyclin and prostacyclin analogues. The
efficacy of continuous IV administration of epoprostenol (syn-
thetic prostacyclin) has been evaluated in 3 unblinded, con-
trolled clinical trials: 2 in IPAH/HPAH (10,11), and 1 in
PAH associated with the scleroderma spectrum of diseases
(12). Although IV epoprostenol improves symptoms, exercise
capacity, and hemodynamic status in both clinical conditions,
survival was increased only in IPAH and HPAH.

Five RCT's with 3 prostacyclin analogues as monotherapy
have been performed in PAH patients (19,45). The effects of
continuous subcutaneous administration of treprostinil were
assessed in a pilot RCT in which the improvement in exercise
capacity was not statistically significant (45). In the 2 pivotal
RCTs, improvements were reported in symptoms, exercise
capacity, and hemodynamic status (19). Continuous IV ad-
ministration of treprostinil seems to be safe and effective on the
basis of 2 small, open-label, uncontrolled studies in patients
with PAH (46,47).

The orally active prostacyclin analogue beraprost was eval-
uated in PAH patients in 2 RCTs, 1 in Europe (20) and 1 in
the U.S. (23). In the first study, an increase in exercise capacity
was seen after 3 months. In the second, which lasted 12
months, improvement in exercise capacity was observed at 3
and 6 months but not thereafter (23). No hemodynamic
improvements were observed in the 12-month study, and
clinical events were reduced only at the 6-month evaluation.

Inhaled iloprost as monotherapy was evaluated in 1 RCT
that enrolled patients with both PAH and chronic thrombo-
embolic PH (21). Overall, this study showed an increase in
exercise capacity and improvement in symptoms, pulmonary
vascular resistance, and clinical events in PH patients. Contin-
uous IV administration of iloprost was shown to be effective in
a small, open-label, uncontrolled series of patients with PAH
and chronic thromboembolic PH (48).

Endothelin receptor antagonists. Nine RCT's using 1 of 3
ERAs as monotherapy have been performed in PAH patients.
The orally active endothelin receptors A and B (ET,/ETj)
ERA bosentan was evaluated in 4 RCTs in PAH patients
(17,22,27,30,49), including 1 RCT performed in a cohort of
patients with the Eisenmenger syndrome (27) and 1 RCT
performed in a cohort of patients with only mildly symptom-
atic PAH (30). Overall, bosentan improved exercise capacity,
functional class, hemodynamic status, echocardiographic and
Doppler variables, and time to clinical worsening

(17,22,27,31,49). Small increases in the dose of warfarin might
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be required to maintain therapeutic international normalized
ratio (INR) when bosentan is coadministered with warfarin.

Sitaxsentan, an orally active ET'5 selective ERA, has been
assessed in PAH patients in 2 RCTs, both of which demon-
strated improvement in exercise capacity (assessed by the
6-min walk test) and hemodynamic status (25,28,50). In 1 of
the 2 studies (25), the primary end point (peak oxygen
consumption as assessed by cardiopulmonary exercise testing)
was not statistically significant. Coadministration of sitaxsen-
tan and warfarin requires the reduction of the warfarin dose up
to 80% to maintain a therapeutic INR, due to a drug—drug
interaction.

Ambrisentan, an orally active ET selective ERA, has been
evaluated in 3 RCTs (29,51,52). Results showed improve-
ments in exercise capacity and clinical events that seem similar
to the results observed with the other 2 ERAs.

On the basis of the results of RCTs using ERAs, the
incidence of elevated hepatic transaminases =3 times the
upper limit of normal seems to be approximately 10% with
bosentan, approximately 4% with sitaxsentan, and approxi-
mately 2% with ambrisentan. The patient populations in the
various RCT's differed, and these numbers should be consid-
ered only as approximations and may not be comparable.
PDE-5 inhibitors. Two RCTs with 2 different PDE-5
inhibitors have been performed in PAH patients (26,31). Used
as monotherapy, both sildenafil and tadalafil improved exercise
capacity and hemodynamic status in approximately 50% of
enrolled patients; tadalafil also improved clinical events (31).

The optimal agent for PAH monotherapy remains un-

clear.
Combination therapy. More recently, combination treat-
ment has been evaluated to address the multiple pathobiologic
mechanisms present in PAH. The combination of oral bosen-
tan and IV epoprostenol was investigated in 1 small study, with
inconclusive results (32). Five additional RCT's have evaluated
combination therapy in PAH. The addition of inhaled iloprost
to background oral bosentan demonstrated improved hemo-
dynamic status and clinical events in 1 RCT (35); however,
these results were not confirmed in an open trial (34). In
another study, the addition of oral sildenafil to background IV
epoprostenol demonstrated improved exercise capacity, hemo-
dynamic status, and clinical events; furthermore, in post hoc
analysis, the addition of oral sildenafil to background IV
epoprostenol increased survival versus IV epoprostenol alone
(37). In the pivotal tadalafil RCT, approximately 50% of the
patients had oral tadalafil added to background oral bosentan;
in that study overall, tadalafil improved exercise capacity,
hemodynamic status, and clinical events (31). Inhaled trepro-
stinil has also been studied as add-on therapy to either
background bosentan or background sildenafil; in both com-
binations, the addition of inhaled treprostinil improved exer-
cise capacity (36). These studies support the efficacy of com-
bination treatment in patients who remain symptomatic on
monotherapy. The optimal combination on the basis of overall
risk-benefit considerations remains unknown.

Although there seems to be an interaction between sildenafil
and bosentan (increased bosentan and decreased sildenafil
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levels) (53), the clinical relevance of this is unclear. Similarly,
although the interaction between tadalafil and bosentan is less
than that between sildenafil and bosentan (i.e., tadalafil expo-
sure decreased with minimal changes in bosentan exposure)
(54), the clinical relevance is also unknown. Tadalafil has also
been evaluated in the presence of ambrisentan, with no
clinically relevant pharmacokinetic interactions reported (55).
There is no clinically relevant pharmacokinetic interaction
between ambrisentan and sildenafil (56), with no dose adjust-
ment of ambrisentan or sildenafil recommended compared
with administration of either drug alone. There is a minimal
interaction reported between sitaxsentan and sildenafil, with no
changes in sitaxsentan plasma concentrations in the presence of
sildenafil and only modest increases in sildenafil plasma con-
centrations (57). Overall, no dose adjustments have been
recommended for patients treated with 1 of the aforemen-
tioned ERAs in combination with either sildenafil or tadalafil.
Early intervention. For functional class II or III patients, the
role of early aggressive intervention (i.e., IV epoprostenol as
first-line treatment), either as monotherapy or in conjunction
with either a PDE-5 inhibitor and/or an ERA, remains
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unknown. Although the first RCTs in PAH focused primarily
on functional class III and IV patients, results from a more
recent RCT evaluating the efficacy of bosentan in only mildly
symptomatic PAH patients support early intervention (30). In
addition, prespecified subgroup analyses of the sildenafil,
tadalafil, and ambrisentan RCT's did not show any significant
differences in the therapeutic efficacy of these drugs between
patients in WHO functional classes II and III (30). The
apparent lack of “catch-up” in placebo-treated patients sup-
ports early intervention in PAH (41). Future studies seem
warranted.

General comments on controlled clinical trials. Although
these studies have similar designs, treatment duration, and end
points, analyses of baseline WHO functional class and etiology
profiles show substantial differences. Accordingly, comparisons
might be misleading. Improvement of exercise capacity as
assessed by the 6-min walk test has been observed in all of
these studies, albeit to different degrees. In evaluating the
clinical relevance of exercise capacity improvements, additional
elements, such as baseline functional class, effects on combined
clinical events (e.g., hospital stays, mortality, rescue therapies),

Oral anticoagulants (E/B) - IPAH/HPAH
Diuretics (E/A)

Oxygen* (E/A)

Digoxin (E/C)

Supervised rehabilitation (E/B)

WHO Class I-IV
Amlodipine, diltiazem,
nifedipine (B)

.
C
E/B

Not approved

*+(B)

PDE5| —p +(B)

PAH Evidence-Based Treatment Algorithm

Supportive therapy and general measures

(EIC for APAH)

Strength of
Recommendation WHO Class Il WHO Class lll

Ambrisentan, Bosentan
Sildenafil
Sitaxsentan, Tadalafil Sitaxsentan, Tadalafil,
Treprostinil SC

s )
s

_ lloprost IV, Treprostinil IV

Sequential combination therapy

Prostanoids

Avoid excessive physical exertion (E/A)
Birth control (E/A)

Psychological and social support (E/C)
Infection prevention (E/A)

NON-RESPONDER

WHO Class IV

Epoprostenol IV

Ambrisentan, Bosentan,
Epoprostenol IV, lloprost inh,
Sildenafil

Treprostinil SC

lloprost IV, Treprostinil IV
Initial combination therapy
(see below)

Ambrisentan, Bosentan,
Sildenafil, Sitaxsentan, Tadalafil
Treprostinil inh+ Treprostinil inh+

INADEQUATE CLINICAL RESPONSE

INADEQUATE CLINICAL RESPONSE
*+(B)

«— ERA

Atrial septostomy (E/B) and/or
lung transplant (E/A)

Drugs within the same grade of evidence are listed in alphabetical order and not order of preference. Not all agents listed are approved or available for use in all coun-
tries. Strengths of recommendations are defined in Table 1. *To maintain oxygen at 92%. +Investigational, under regulatory review. APAH = associated pulmonary arte-
rial hypertension; ERA = endothelin receptor antagonist; HPAH = heritable pulmonary arterial hypertension; IPAH = idiopathic pulmonary arterial hypertension; IV =
intravenous; PAH = pulmonary arterial hypertension; PDE-5 = phosphodiesterase type 5; SC = subcutaneous; WHO = World Health Organization.




$82 Barst et al.
Medical Treatment

SIMPEl Quality of Evidence, Net Benefit,
and Strength of Recommendation

Variables Description

Quality of the evidence

Good Evidence is based on good randomized controlled
trials or meta-analyses.

Fair Evidence is based on other controlled trials or
randomized controlled trials with minor flaws.

Low Evidence is based on nonrandomized, case-

control, or other observational studies.
Expert opinion Evidence is based on the consensus of the carefully
selected panel of experts in the topic field.

There are no studies that meet the criteria for
inclusion in the published reports review.

Net benefit
Substantial

Intermediate

Small/weak
None
Conflicting
Negative
Strength of recommendation
A Strong recommendation
B Moderate recommendation
Cc Weak recommendation
D Negative recommendation
|

No recommendation possible (inconclusive)

E/A Strong recommendation on the basis of
expert opinion only

E/B Moderate recommendation on the basis of
expert opinion only

E/C Weak recommendation on the basis of
expert opinion only

E/D Negative recommendation on the basis of

expert opinion only

and hemodynamic effects, should be considered. As mentioned
previously, a survival benefit has been demonstrated in only 1
controlled, third-party-blinded study of IV epoprostenol in
patients with severe IPAH/HPAH (11). Because, on the basis
of these results, IV epoprostenol is considered rescue therapy,
subsequent RCT's assessing mortality as an end point could not
ethically be performed. Furthermore, severely ill subjects re-
quiring IV epoprostenol treatment were excluded in recent
RCTs, resulting in a low mortality in these study populations.
A recent meta-analysis performed on all RCTs in PAH
patients published through October 2008 reports a 43%
decrease in mortality and a 61% reduction in hospital stays in
patients treated with targeted therapies versus patients ran-
domized to placebo (39). These results, achieved after an
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average treatment period of 14.3 weeks, support the efficacy of
the currently approved PAH treatments.

Evidence-Based Treatment Algorithm

A treatment algorithm based on a consensus of the PH
community evaluating the clinical trials presented in this
review is presented in Figure 1. The recommendations in this
guideline are based on a grading system in which the strength
of the recommendation results from the interaction of 2
components: the quality of the evidence, and the net benefit of
the therapy (Tables 1 and 2). Because treatments have been
evaluated primarily in IPAH, HPAH, and PAH associated
with scleroderma or anorexigen use, extrapolation of these
recommendations to other PAH subgroups should be done
with caution.

Conclusions

The suggested initial approach after the diagnosis of PAH is to
treat patients with oral anticoagulant drugs if no contraindica-
tion exists, diuretics in cases of fluid retention, and supplemen-
tal oxygen in cases of hypoxemia, even though RCTs with
these compounds are lacking. Patients should be referred
without delay to centers experienced in acute vasoreactivity
testing and the treatment of pulmonary vascular diseases.
Acute vasoreactivity testing should be performed in all patients
with PAH, although patients with IPAH, HPAH, and PAH
associated with anorexigen use are the most likely to exhibit a
positive response. Vasoreactive patients, as defined in the
preceding text, should be treated with optimally tolerated doses
of CCBs; maintenance of response, defined as WHO func-
tional class I or II with near-normal hemodynamic status,
should be confirmed by repeat right heart catheterization and
clinical assessment after 3 to 6 months of treatment. Nonre-
sponders to acute vasoreactivity testing or responders who
remain in WHO functional class III should be considered
candidates for treatment with either a PDE-5 inhibitor or an
ERA. Among prostanoids, treprostinil is administered subcu-
taneously, intravenously, or by inhalation; iloprost can be given
intravenously or by inhalation; beraprost is administered orally,
and epoprostenol is administered intravenously.

The choice of drug is dependent on a variety of factors,
including the approval status, route of administration, side-
effect profile, patient preference, and the physician’s experience
and clinical judgment. Continuous IV epoprostenol remains
first-line therapy for PAH patients in WHO functional class
IV, because of its demonstrated survival benefit in IPAH/

LEL I Relationship of Strength of the Recommendations Scale to Quality of Evidence and Net Benefits

Net Benefit
Quality of Evidence Substantial Intermediate Small/Weak None Conflicting Negative
Good A A B D | D
Fair A B c D 1 D
Low B Cc C | | D
Expert opinion E/A E/B E/C | | E/D

See Table 1 for definition of designations.
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HPAH, with extrapolation to associated PAH patients in
WHO functional class IV. Combination therapy should be
considered for patients who fail to show improvement or who
deteriorate with monotherapy. The goal in treating PAH
patients is to improve WHO functional class III and IV
patients to functional class I or II and to improve all functional
class II patients to functional class I or at least to maintain
functional class II in patients presenting in that functional class.
Finally, both atrial septostomy and lung transplantation are
indicated in carefully selected patients for refractory PAH or in
cases where medical treatments are unavailable. These proce-
dures should be performed only in experienced centers.
Major therapeutic advances for PAH patients have been
achieved in the last decade; however, none of the currently
approved therapies represents a cure for this progressive dis-
ease. The search for such treatments continues, with promising
new concepts arising from a better understanding of the
pathobiology of pulmonary vascular diseases. Patients and
physicians should be encouraged to foster such research by
participating in RCTs conducted at specialized PH centers.
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