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Abstract
Pulmonary arterial hypertension (PAH) is a rare form of pulmonary hypertension characterized by a progressive obliterative 
vasculopathy of the distal pulmonary arterial circulation that usually leads to right ventricular failure and death. Over the 
last 25 years, more than a dozen drugs representing five drug classes have been developed and approved for the treatment 
of this devastating disease. Due to the small number of patients afflicted by PAH, most health care providers have little 
experience with its management. To address this gap in medical knowledge, treatment guidelines have been developed by 
professional organizations and expert committees. Over the last few years, these guidelines have been updated to address 
findings from recent clinical trials and ongoing experience with these drugs. This review provides an update on the most 
recently published treatment guidelines for pharmacologic treatment of PAH and incorporates them into a contemporary 
approach to the treatment of this disease.
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Introduction

Definitions

Pulmonary hypertension (PH) refers to an elevation in mean 
pulmonary arterial pressure (mPAP). The pulmonary cir-
culation is a low-pressure system, and in healthy individu-
als, mPAP is about 14 mmHg with a standard deviation 
of 3 mmHg [1]. Thus, mPAP above 20 mmHg is greater 
than two standard deviations above the mean and can be 
considered abnormally high. For this reason, many stud-
ies have defined PH as a mPAP > 20 mmHg. However, 
mPAP increases slightly with age such that for patients over 
50 years old, two standard deviations above mPAP is approx-
imately 23 mmHg [1]. Furthermore, precise measurement 
of mPAP in any patient is challenging due to the need for 
accurate referencing of the right heart catheter. Finally, pul-
monary vascular disease typically results in severe elevation 

of mPAP well above two standard deviations from the mean. 
For these reasons 20–24 mmHg has long been considered as 
a borderline elevation of mPAP and PH has been defined as 
mPAP ≥ 25 mmHg. Recently, the 6th World Symposium on 
Pulmonary Hypertension (WSPH) recommended changing 
the definition of PH to mPAP ≥ 20 mmHg with the stipula-
tion that pulmonary vascular resistance (PVR) be ≥ 3 Woods 
units [2]. The latter requirement is important because small 
increases in mPAP can be caused by a rise in left heart filling 
pressures or an increase in cardiac output without significant 
pulmonary vascular disease.

PH commonly occurs as the result of left-sided heart 
disease or chronic lung disease. Rarely, it is caused by a 
distinct vasculopathy of the distal pulmonary arterioles in 
which case it is referred to as pulmonary arterial hyperten-
sion (PAH). PH can be characterized as pre-capillary, post-
capillary, or combined pre-and post-capillary, referring to 
the site of disease pathology existing proximal to or distal to 
the pulmonary capillary bed (or both). Proper determination 
of the type and cause of PH is crucial, because it affects the 
prognosis and treatment of the disease.

PH is diagnosed by a combination of clinical history 
and hemodynamic measurements. The hemodynamic 
diagnostic criteria for PH are summarized in Table 1 [3]. 
In addition to hemodynamic measurements, the type of 
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PH is determined by clinical characteristics and the most 
likely etiology of disease. A five group classification sys-
tem for PH was developed during the Second WSPH in 

1998. Because the WSPH was originally sponsored by 
the World Health Organization (WHO), this classification 
system has been referred to as the WHO Group classifi-
cation and was most recently updated at the 6th WSPH 
(Table 2). Group 1, referred to as PAH, is a rare, but severe 
form of PH that is defined as pre-capillary PH that is not 
associated with other left heart or lung disease. The word 
“arterial” is included in PAH to indicate a primary vas-
culopathy of the pulmonary arterial circulation, although 
increasing evidence suggests that the capillaries and post-
capillary venules are frequently involved as well [4]. This 
disease most commonly occurs without an identifiable 
cause and is referred to as idiopathic PAH, but PAH has 
also been associated with several specific diseases includ-
ing connective-tissue disease, human immunodeficiency 
virus (HIV), congenital left to right intra-cardiac shunts, 
portal hypertension, certain drug or toxin exposures, and 
schistosomiasis. In these cases, it can be referred to as 
associated PAH (APAH). Heritable PAH (HPAH) includes 
patients with familial PAH (PAH that occurs in two or 

Table 1  Hemodynamic definitions of PH

Adapted from Ref. [2]
PH pulmonary hypertension, WSPH world symposium on pulmonary 
hypertension, mPAP mean pulmonary artery pressure, PCWP pulmo-
nary capillary wedge pressure, PVR pulmonary vascular resistance, 
WU Wood’s units

Diagnosis Criteria

Pre-capillary PH mPAP > 20 mmHg
PCWP ≤ 15 mmHg
PVR ≥ 3 WU

Isolated post-capillary PH mPAP > 20 mmHg
PCWP > 15 mmHg
PVR < 3 WU

Combined pre-capillary and post-capillary PH mPAP > 20 mmHg
PCWP > 15
PVR ≥ 3 WU

Table 2  WHO classifications

Adapted from Ref. [2]
WHO world health organization, PH pulmonary hypertension, PAH pulmonary arterial hypertension, HIV 
human immunodeficiency virus, PVOD pulmonary veno-occlusive disease, PCH pulmonary capillary 
hemangiomatosis, LVEF left ventricular ejection fraction

WHO Group 1 Pulmonary arterial hypertension
 Idiopathic
 Heritable
 Drug or toxin-induced
 PAH associated with
  Connective tissue disease
  HIV
  Portal hypertension
  Congenital heart disease
  Schistosomiasis
 PAH long-term responders to calcium channel blockers
 PAH with overt features of venous/capillaries involvement (PVOD/PCH)
 Persistent PH of the newborn

WHO Group 2 Pulmonary hypertension due to left heart disease
 PH due to heart failure with preserved LVEF
 PH due to heart failure with reduced LVEF
 Valvular heart disease
 Congenital/acquired cardiovascular conditions leading to post-capillary PH

WHO Group 3 Pulmonary hypertension due to lung diseases and/or hypoxia
 Obstructive lung disease
 Restrictive lung disease
 Other lung disease with mixed obstructive/restrictive pattern
 Hypoxia without lung disease
 Developmental lung disorders

WHO Group 4 PH due to pulmonary artery obstructions
 Chronic thromboembolic PH
 Other pulmonary artery obstructions

WHO Group 5 Pulmonary hypertension with unclear and/or multifactorial mechanisms
 Hematologic disorders
 Systemic and metabolic disorders
 Others
 Complex congenital heart disease
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more family members) or patients with PAH who have one 
of the numerous mutations described in over a dozen genes 
that have been associated with PAH [5].

Group 2 refers to PH that is due to left heart disease. 
This type of PH is distinct from the other groups in that 
it is caused primarily by an elevation of left heart fill-
ing pressure and is often referred to as pulmonary venous 
hypertension. Some patients with Group 2 PH demonstrate 
elevation of pulmonary arterial pressure that is greater 
than would be expected for the increase in pulmonary 
venous pressure alone and are described as having com-
bined pre- and post-capillary PH, but are still considered 
WHO Group 2. These patients can be distinguished from 
isolated post-capillary PH hemodynamically by the pres-
ence of an elevated PVR (≥ 3 WU). The use of pulmonary 
vasodilators to reduce PVR in these patients may be del-
eterious as it can result in a further increase in left-sided 
filling pressures. Group 3 PH is pre-capillary PH that is 
due to lung disease or chronic hypoxia. Group 4 PH is 
pre-capillary PH that is due to chronic thromboembolic 
pulmonary hypertension (CTEPH) or other forms of pul-
monary arterial obstruction. Lastly, Group 5 PH is PH 
with unclear or multifactorial etiologies.

Epidemiology

The most common types of PH are WHO Group 2 and 3, and 
in some studies they represent greater than 85% of all cases 
of elevated pulmonary artery pressure [6]. WHO Group 1 
PAH is a rare disease, affecting about 30,000 people in the 
United States with an estimated prevalence of approximately 
15 per million [7]. It is seen more commonly in women 
than in men by greater than a 2:1 margin and was originally 
described most often in the fourth or fifth decade of life. 
However, more recent registries suggest that most patients 
are diagnosed in their sixth and seventh decades of life [8]. 
Despite being a rare cause of PH, PAH is the most severe 
of the pulmonary hypertensive diseases and until recently, 
the only one for which specific therapy had been approved. 
In 2015, riociguat was approved for the treatment of Group 
1 PAH and Group 4 PH. All other medications for PH are 
approved only for the treatment of WHO Group 1 PAH and 
this review is limited to the discussion of treatment guide-
lines for PAH. Treatment of Group 4 PH consists of removal 
or compression of the obstructing intravascular defects, 
anticoagulation to prevent recurrent pulmonary embolism, 
and the use of riociguat or other pulmonary vasodilators 
in patients who have CTEPH that is not amenable to sur-
gical treatment or who have significant PH after surgical 
treatment. Treatment of Groups 2, 3, and 5 PH is directed 
mainly at treating the underlying heart, lung, or other disease 
processes.

Cellular Signaling Pathways and Drug Targets 
for PAH

Five classes of drugs have been developed to treat PAH, 
and they target three major cellular signaling pathways: 
the endothelin pathway, the nitric oxide/cyclic guanosine 
monophosphate (cGMP) pathway, and the prostacyclin 
pathway (Fig. 1). Prostacyclin is produced by the metabo-
lism of arachidonic acid in the vascular endothelium and 
stimulates production of cyclic adenosine monophosphate 
(cAMP), which causes relaxation of the vascular smooth 
muscle leading to vasodilation. Prostacyclin signaling also 
inhibits endothelial cell proliferation and platelet aggre-
gation, which may lessen intravascular thrombosis [9]. 
Expression of prostacyclin synthase, the major enzyme 
responsible for prostacyclin synthesis, is decreased in pul-
monary vascular endothelial cells of patients with PAH 
and circulating levels of prostacyclin are reduced [10, 11]. 
There are two classes of drugs that stimulate this pathway: 
(1) prostacyclin analogs, such as the synthetic prostacy-
clin epoprostenol or the prostacyclin derivatives trepro-
stinil and iloprost, which have been modified for longer 
half-life; and (2) prostacyclin receptor agonists, such as 
selexipag, which binds to and activates the prostacyclin 
receptor (IP) but is not a prostacyclin derivative. Vascular 
endothelial cells also secrete endothelin-1, which causes 
vasoconstriction and proliferation of vascular smooth mus-
cle cells. Pulmonary vascular expression of endothelin and 
circulating levels of endothelin-1 are increased in PAH 
[9]. The endothelin receptor antagonists (ambrisentan, 
bosentan, macitentan) block this pathway thereby caus-
ing pulmonary vasodilation. Nitric oxide (NO) is a potent 
vasodilator synthesized from l-arginine by endothelial NO 
synthase (eNOS). NO stimulates soluble guanylate cyclase 
(sGC) causing an increase in intracellular cGMP, which 
like cAMP, has vasodilatory and antiproliferative effects 
on pulmonary vascular smooth muscle [9]. The natriuretic 
peptides also increase cGMP in the pulmonary circulation 
by binding to cell surface receptors that are linked to par-
ticulate guanylyl cyclase. Deficiencies in cGMP produc-
tion due to disrupted NO and natriuretic peptide signaling 
have also been implicated in the pathogenesis of PAH [12]. 
Phosphodiesterase type 5 is the major enzyme responsible 
for cGMP degradation in pulmonary vascular smooth mus-
cle, and its expression is increased in patients with PAH 
[13]. Phosphodiesterase type-5 inhibitors (PDE5i), such 
as sildenafil and tadalafil, delay the metabolism of cGMP 
and thereby potentiate the vasodilatory effects of NO and 
the natriuretic peptides. Drugs that increase the activity 
of sGC are known as sGC simulators or sGC activators. 
They also cause smooth muscle relaxation and vasodila-
tion by increasing cGMP levels, but rather than inhibiting 
cGMP metabolism, they increase cGMP synthesis. sGC 
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stimulators, such as riociguat, enhance the activity of sGC 
in the presence of NO and can stimulate sGC activity in 
the absence of NO.

The major clinical trials that led to the approval of each 
drug and/or its guideline recommendations are summa-
rized in Table 3. It should be noted that the first drug to be 
approved for treatment of PAH, intravenous epoprostenol, is 
the only drug that was found to reduce mortality [15]. That 
study differed from subsequent clinical trials in that patients 
had more advanced disease. While other drugs have not been 
shown to reduce mortality, they have been shown to improve 
exercise capacity and/or time to clinical worsening. The 

study design of clinical trials in PAH has evolved since the 
approval of epoprostenol and the initial oral agents for PAH. 
Earlier studies in PAH examined single outcome measures 
of pulmonary hemodynamics or functional capacity such 
as change from baseline in PVR or 6-min walking distance 
(6MWD) measured at a single time point after starting 
treatment. More recent studies have used time to clinical 
worsening defined by a composite of outcome events that 
usually include death, hospitalization for PAH, lung trans-
plant, need for parenteral prostacyclin therapy, or evidence 
of disease progression demonstrated by declining 6MWD 
and functional status. In these more recent studies, the great 

Fig. 1  The three major cellular signaling pathways targeted by PAH 
treatment are the endothelin pathway, the nitric oxide pathway, 
and the prostacyclin pathway. ERAs inhibit endothelin-1, which is 
increased in PAH, from binding to its receptors, thus preventing vaso-
constriction and cellular proliferation. Nitric oxide, which may be 
decreased in PAH, stimulates soluble guanylate cyclase (sGC) to syn-
thesize cGMP which promotes vasodilation and has antiproliferative 

effects. Intracellular cGMP levels can be increased by inhibiting the 
enzyme that degrades it—Phosphodiesterase type-5 or by increasing 
its synthesis via a sGC stimulator. Prostacyclin, which is decreased 
in PAH stimulates production of cAMP, also promotes vasodilation 
and has antiproliferative effects as well. Prostacyclin signaling can be 
increased by administration of a prostacyclin receptor agonist or by a 
prostacyclin derivative. Adapted from [14]
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Table 3  Major clinical trials of PAH therapy that have shaped current treatment guidelines

Drug Study design n PH classification Functional class Outcomes References

I II III IV

Epoprostenol RCT 
IV epoprostenol vs pla-

cebo for 12 weeks

81 iPAH 0 0 60 21 Improved 6MWD by 
60 m

Reduced mPAP
Reduced mortality

Barst et al.
[15]

Treprostinil RCT 
SQ treprostinil vs pla-

cebo for 12 weeks

470 iPAH
aPAH

0 53 38 34 Improved 6MWD by 
10 m

Improved mRAP, 
mPAP, CI, PVR

Simonneau et al.
[16]

RCT 
Oral treprostinil vs pla-

cebo for 12 weeks

349 iPAH
aPAH

0 125 212 0 Improved 6MWD by 
26 m (using ITT 
analysis)

Jing et al. [17]

RCT 
Inhaled treprosti-

nil vs placebo for 
12 weeks*

235 iPAH
aPAH

0 230 5 0 Improved 6MWD by 
20 m

McLaughlin et al.
[18]

Iloprost RCT 
Inhaled iloprost vs pla-

cebo for 12 weeks

203 iPAH
aPAH
CTEPH

0 0 119 84 Improved 6MWD by 
36 m

Improved functional 
class

Olschewski et al.
[19]

Ambrisentan RCT 
Ambrisentan [5, 10] vs 

placebo for 12 weeks

201 iPAH
aPAH

5 65 117 14 Improved 6MWD by 
31 and 51 m (at 5 
and 10 mg doses, 
respectively)

Galie et al.
[20]

RCT 
Ambrisentan (2.5 or 

5 mg) vs placebo for 
12 weeks

192 iPAH
aPAH

3 86 99 4 Improved 6MWD by 
32 and 59 m (at 2.5 
and 5 mg doses, 
respectively)

Bosentan RCT 
Bosentan 

(125or250 mg) vs 
placebo for 12 weeks

213 iPAH
aPAH

0 0 195 18 Improved 6MWD 
by 44 m (not dose 
dependent)

Delayed time to clini-
cal worsening

Rubin et al.
[21]

Macitentan RCT 
Macitentan vs placebo*

742 iPAH
aPAH

1 387 337 14 Reduced risk of mor-
tality and PH-related 
complications

Pulido et al.
[22]

Sildenafil RCT 
Sildenafil (20, 40 or 

80 mg) vs placebo for 
12 weeks

278 iPAH
aPAH

1 107 160 9 Improved 6MWD by 
45, 46, and 50 m (at 
20, 40, and 80 mg 
doses, respectively)

Improved functional 
class

Galie et al.
[23]

RCT 
Sildenafil + IV 

epoprostenol vs pla-
cebo + IV epopros-
tenol for 16 weeks

267 iPAH
aPAH

68 175 16 Improved 6MWD by 
29 m

Simonneau et al. [24]

Tadalafil RCT 
Tadalafil (2.5, 10, 20, 

or 40 mg) vs placebo 
for 16 weeks*

405 iPAH
aPAH

4 130 264 7 Improved 6MWD by 
33 m (at 40 mg dose)

Delayed time to clini-
cal worsening

(at 40 mg dose)

Galie et al.
[25]

Riociguat RCT 
Riociguat vs placebo 

added to current ther-
apy for 12 weeks*

443 iPAH
aPAH**

14 187 237 4 Improved 6MWD by 
36 m

Improved PVR, mPAP, 
CO

Ghofrani et al.
[26]



586 Lung (2020) 198:581–596

1 3

majority of patients fulfill the criteria for clinical worsening 
by being hospitalized or meeting criteria for disease progres-
sion before mortality occurs. Due to the number of treat-
ments available, it is no longer ethical to conduct a study that 
examines mortality as the primary outcome.

Clinical Presentation and Initial Work‑Up

The clinical presentation of PAH is variable and can be sub-
tle, but almost always results in shortness of breath. Most 
patients complain of dyspnea with exertion, but others 
describe fatigue and difficulty performing routine activi-
ties. As right heart failure develops, patients may report 
lower extremity swelling, increased abdominal girth, and 
loss of appetite. Exertional angina, lightheadedness, or syn-
cope may occur when the right ventricle is no longer able to 
sufficiently augment cardiac output in response to exercise. 
Physical exam findings include signs of right ventricular 
failure such as jugular venous distention, right ventricular 
lift, peripheral edema, hepatomegaly, and ascites. Tricuspid 
regurgitation can manifest as a holosystolic murmur heard 
best at the left lower sternal border, V-wave pulsations in the 
jugular vein, and pulsatile liver [3]. An increased pulmonary 
component of the second heart sound may be appreciated. 
Other physical exam findings might be suggestive of associ-
ated diseases, such as clubbing in liver cirrhosis or cyanotic 
congenital heart disease, or telangiectasias and sclerodactyly 
in scleroderma. The electrocardiogram (ECG) may show 
right axis deviation, enlarged right atrium, or right ventricu-
lar hypertrophy or strain. Arrhythmias, especially supraven-
tricular tachycardia (SVT), are common in patients with PH, 
particularly in those with decompensated disease and right 

ventricular failure [29]. Chest radiography is often normal, 
but can show enlarged right atrium, right ventricle, and/or 
proximal pulmonary arteries. Computed tomography (CT) 
may demonstrate enlargement of these structures as well, 
and it can also be used to evaluate the lung parenchyma, 
which might suggest an etiology of disease [3].

Transthoracic echocardiography has become the most 
frequently used method of assessing pulmonary arterial 
pressure and right heart function. In addition, it provides 
important information regarding left heart function, which 
is necessary to exclude Group 2 PH caused by reduced left 
ventricular systolic function, diastolic dysfunction, or val-
vular heart disease. Pulmonary function tests (PFTs) are 
needed to exclude chronic lung disease. In patients with 
PAH, PFTs often show normal spirometry and lung vol-
umes, but a reduced diffusion capacity of carbon monoxide 
(DLCO). Overnight oximetry and/or polysomnography are 
helpful to exclude nocturnal oxygen desaturation and evalu-
ate for obstructive or central sleep apnea. Ventilation perfu-
sion imaging (VQ scan) should be performed to exclude 
CTEPH and is more sensitive for this diagnosis than CT 
pulmonary angiogram. Exclusion of CTEPH is needed even 
in the absence of a clinical history of venous thromboem-
bolism, as nearly half of all cases have no recollection of 
pulmonary embolism. When the diagnosis of PAH is sus-
pected based on clinical presentation and/or non-invasive 
testing, the diagnosis needs to be confirmed by right heart 
catheterization (RHC). This procedure is the only reliable 
method of accurately assessing pulmonary arterial pres-
sure, left heart filling pressure, and cardiac output. It is also 
helpful in detecting left to right intra-cardiac shunts and is 
needed to assess acute pulmonary vasoreactivity. The impor-
tance of proper diagnosis in PAH is critical considering the 

Table 3  (continued)

Drug Study design n PH classification Functional class Outcomes References

I II III IV

Selexipag RCT 
Selexipag vs placebo 

for 26 weeks*

1156 iPAH
aPAH

9 592 60 11 Delayed time to clini-
cal worsening

Sitbon et al.
[27]

Ambrisentan + Tada-
lafil

RCT 
Ambrisentan + Tada-

lafil vs either agent 
alone

500 iPAH
aPAH

0 155 345 0 Combination therapy 
lengthened time 
to clinical failure 
(disease progression, 
hospitalization, or 
death)

Galie et al.
[28]

All 6MWD data are reported as placebo-adjusted difference
RCT  randomized controlled trial, iPAH idiopathic PAH, aPAH PAH associated with systemic disease, 6MWD 6-min walk distance, mRAP mean 
right atrial pressure, mPAP mean pulmonary artery pressure, PVR pulmonary vascular resistance, CI cardiac index, CO cardiac output, CTEPH 
chronic thromboembolic pulmonary hypertension
*Included patients who were already taking ERA, PDE5, and/or non-IV prostenoids,
**Includes portopulmonary hypertension
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gravity of the prognosis and the need for expensive and 
often cumbersome lifelong therapy. In addition to obtain-
ing cardiopulmonary hemodynamics, additional measures 
are usually made to assess overall disease severity. These 
measures include 6MWD, vital signs, dyspnea score, and 
determination of functional class using the WHO modifica-
tion of the New York Heart Association functional classi-
fication for heart failure. The functional class (FC) scoring 
system categorizes patients by exercise limitation, with FC I 
representing asymptomatic patients and FC IV representing 
those who have symptoms with any activity or at rest. FC II 
and III are distinguished by whether the patient gets short of 
breath with ordinary or with less than ordinary activity. For 
example, a patient who is only symptomatic while perform-
ing a strenuous, but ordinary activity, such as mowing the 
lawn, would be considered FC II, whereas a patient who is 
symptomatic with less strenuous activities, such as walking 
to the mailbox or washing the dishes, would be considered 
FC III (Table 4). Figure 2 depicts a flow chart for initial 
work-up of PH.

Treatment Guidelines

Numerous review articles have discussed treatment options 
for pulmonary hypertension, but few have developed com-
prehensive guidelines for the management of PAH. As the 
number of medications for this rare disease increased over 
the first decade of this century, several professional organi-
zations developed and updated evidence-based guidelines 
for clinical practice. They include the joint committees of 
the European Society of Cardiology and the European Res-
piratory Society (ESC/ERS), the WSPH, and the American 
College of Chest Physicians (ACCP). Each of these guide-
lines is discussed below, but all share common features as 
follows.

General Measures and Supportive Care

All three guidelines recommend that patients with a diagno-
sis of PAH should receive routine preventative care including 
pneumococcal and influenza vaccinations [3, 30]. Women 
should be counseled to avoid pregnancy, not only because 

pregnancy is associated with an increased maternal mor-
tality, but because some PAH medications can cause fetal 
defects. Prior to the advent of PAH-specific medications, 
maternal mortality rates were about 30% and fetal mortal-
ity > 10% [31]. Although recent reports have described more 
successful delivery of woman with PAH [32], broad-based 
studies that assess the overall mortality rate of pregnancy 
have not been done in the age of modern PAH treatment.

To improve exercise tolerance, patients are encouraged 
to participate in supervised exercise programs [3, 30]. Non-
essential surgery should be avoided due to increased risk 
of peri-operative complications [30]. If possible, the use of 
epidural anesthesia instead of general anesthesia is recom-
mended, as the latter can reduce right ventricular contrac-
tility and cause hemodynamic instability. Due to the rarity 
of PAH, most care providers are expected to have limited 
experience in diagnosis and treatment of PAH, and for this 
reason, all three guidelines suggest consideration of patient 
referral to a center with expertise in PAH to aid in patient 
care. Supportive care, such as supplemental oxygen to 
maintain oxygen saturation greater than 90% and diuretics 
as needed to prevent volume overload and excess fluid reten-
tion, is also recommended [3, 30, 33]. Patients are cautioned 
against air travel, because hypoxia caused by reduced cabin 
pressure can cause acute worsening of PH. Patients who 
choose to fly should undergo altitude simulation testing to 
determine if supplemental oxygen is necessary to maintain 
an arterial oxygen tension ≥ 60 mmHg or oxygen saturation 
of > 90% [3, 30]. Evidence that anticoagulation is helpful in 
PAH is limited. Most recent guidelines do not recommend 
anticoagulation for patients with associated PAH, but for 
those with IPAH, heritable PAH, or drug-induced PAH, it 
is suggested that patients be considered for anticoagulation 
on a case by case basis [1, 8].

Pulmonary Vasodilator Responders

All three guidelines suggest that patients with IPAH, herit-
able PAH, or drug-induced PAH undergo pulmonary vaso-
dilator challenge during RHC [30]. A positive pulmonary 
vasodilator response is defined as a reduction in mPAP 
by ≥ 10 mmHg to a value of ≤ 40 mmHg, with unchanged 
or improved cardiac output in response to administration 

Table 4  WHO functional class

WHO world health organization (adapted from Ref. [3])

WHO functional class I No exercise limitation
WHO functional class II Slight exercise limitation

Dyspnea, fatigue, near syncope, or chest pain with ordinary activity
WHO functional class III Marked exercise limitation

Dyspnea, fatigue, near syncope, or chest pain with less than ordinary activity
WHO functional class IV Inability to carry out any exercise without symptoms

Symptoms at rest
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of a rapidly active pulmonary vasodilator, such as inhaled 
nitric oxide or intravenous epoprostenol. A positive vaso-
dilator response is observed in about 10% of patients with 
idiopathic or heritable PAH [3]. These patients often 
respond favorably to treatment with high-dose calcium 
channel blockers, such as nifedipine or amlodipine, and 
have a better overall prognosis [1, 8]. However, caution 
should be used in patients with advanced disease evi-
denced by reduced cardiac output, hypotension, or syn-
cope, as calcium channel blockers have negative inotropic 
effects and cause systemic vasodilation leading to hypo-
tension. Patients who have a positive vasodilator response 
and are treated with calcium channel blockers should be 

followed closely for response to treatment, because up 
to half of these patients demonstrate disease progression 
requiring additional therapy [34]. Patients with PAH asso-
ciated with connective tissue disease rarely demonstrate 
or maintain an acute vasodilatory response [35] and some 
guidelines suggest that vasodilator testing in these patients 
may be unnecessary [1, 8]. Acute vasodilator testing is 
not recommended for patients in whom pulmonary veno-
occlusive disease (PVOD), pulmonary capillary heman-
giomatosis (PCH), or other causes of elevated pulmonary 
capillary or pulmonary venous pressure are suspected, 
because pulmonary vasodilators may cause acute pulmo-
nary edema in these conditions [36, 37].

Fig. 2  Algorithm for initial work-up of PAH. If PH is clinically sus-
pected, obtain echocardiogram to evaluate for left heart disease. If 
there are no signs of left heart disease, obtain electrocardiogram, 
pulmonary function tests, chest imaging (chest x-ray and/or CT scan 
and VQ scan), and polysomnography. Assess patient for risk factors 
for PAH such as connective tissue disease or exposures to drugs/
toxins. Lung disease and left heart disease should be treated aggres-
sively, and patients should be followed closely for clinical response. 
If no treatable causes of PH are identified, right heart catheterization 
should be performed. Furthermore, patients with Groups 2 and 3 dis-
ease who have signs of worsening PH despite optimal treatment of 

heart and lung disease should undergo right heart catheterization to 
evaluate for PH out of proportion to underlying disease which might 
benefit from PAH therapy. If the diagnosis of pre-capillary PH is 
confirmed by right heart catheterization, response to acute vasodila-
tor therapy should be evaluated, and–if positive–calcium channel 
blockers can be considered. If there is no acute vasodilator response, 
treatment for PAH can be initiated based on the treatment algorithm 
displayed in Fig. 3. PH pulmonary hypertension, ECG electrocardio-
gram, PFTs pulmonary function tests, PoPH portopulmonary hyper-
tension, CTD-PAH connective tissue disease-associated pulmonary 
arterial hypertension, RHC right heart catheterization
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Initial Treatment

All current treatment guidelines recommend that patients 
with PAH who do not demonstrate an acute pulmonary vaso-
dilator response should be treated with PAH-specific therapy 
based on severity of symptoms or risk of clinical deterio-
ration [3, 30, 33]. The general approach to therapy entails 
determining severity of disease and initiating oral therapy 
in less severe PAH and continuous intravenous infusion of 
prostacyclin in patients with severe PAH.

The European Society of Cardiology/
European Respiratory Society Guidelines

The ESC/ERS released official guidelines for the diagno-
sis and treatment of pulmonary hypertension in 2004 and 
updated them in 2009 and in 2015 [3]. The most recent 
document represents the most comprehensive of the three 
recently updated treatment guidelines and includes over 35 
tables, 48 pages of text, and 456 references. A key feature 
of the ESC/ERS guidelines is that initial treatment is deter-
mined by risk stratification using an assessment of numerous 
clinical factors to determine the probability of 1-year mortal-
ity (Table 5). Risk of death is divided into low, intermedi-
ate, and high-risk categories defined as estimates of 1-year 
mortality of < 5%, 5–10%, or > 10%, respectively. Although 
each of the variables used to calculate mortality risk have 
been associated with prognosis, the threshold values that 
divide patients into each of the risk categories were assigned 
somewhat arbitrarily by expert opinion, and their ability to 

accurately predict 1-year mortality has not been formally 
studied. Furthermore, many patients have risk variables in 
different columns (for example, BNP and 6MWD meet cri-
teria for high risk, but functional class and right atrial pres-
sure meet criteria for intermediate risk) making it difficult to 
determine the overall risk. The purpose of risk stratification 
is not to accurately determine 1-year survival, but rather 
to develop an overall assessment of disease severity. Oral 
medications are then felt to be appropriate for patients who 
are at low or intermediate risk. As patients demonstrate more 
high-risk factors, greater consideration should be given for 
using continuous prostacyclin infusion.

Monotherapy

Oral monotherapy is recommended for patients who are at 
low or intermediate risk. Each drug is scored on class of 
recommendation as follows: I—recommended, IIa—should 
be considered, IIb—may be considered, or III—not recom-
mended. Treatment recommendations are also graded on 
level of evidence as follows: A—multiple large randomized 
clinical trials or meta-analyses, B—single randomized clini-
cal trial or large non-randomized trials, or C—combination 
of expert opinion and small studies, retrospective studies, 
or registries. By this scoring system, therapy can be ini-
tiated in low and intermediate-risk patients with an ERA, 
such as ambrisentan (I, A), bosentan (I, A), or macitentan 
(I, B); a phosphodiesterase type -5 inhibitor (PDE5i), such 
as sildenafil (I, A), tadalafil (I, B), or vardenafil (IIb, B); the 
guanylate cyclase stimulator (GCS) riociguat (I, B); or the 
oral prostacyclin receptor agonist (PRA), selexipag (I, B). 

Table 5  Risk stratification according to ESC/ERS guidelines

Adapted from Ref. [3]
6MWD 6-min walk distance, VO2 oxygen consumption, VE minute ventilation, VCO2 carbon dioxide production, RA right atrium, RAP right 
atrial pressure, CI cardiac index, SvO2 mixed venous oxygen saturation

Low risk
(< 5% mortality)

Intermediate risk
(5–10% mortality)

High risk
(> 10% mortality)

Clinical signs of right heart failure Absent Absent Present
Progression of symptoms No Slow Rapid
Syncope No Occasional syncope Repeated syncope
WHO functional class I, II III IV
6MWD  > 440 m 165–440 m  < 165 m
Cardiopulmonary exercise testing Peak  VO2 > 15 mL/min/kg 

(> 65% predicted)
VE/VCO2 slope < 36

Peak  VO2 > 11–15 mL/min/kg 
(35–65% predicted)

VE/VCO2 slope < 36–44.9

Peak  VO2 < 11 mL/min/
kg (< 35% predicted)

VE/VCO2 slope > 45
NT-proBNP plasma levels BNP < 50 ng/L

NT-proBNP < 300 ng/L
BNP < 50–300 ng/L
NT-proBNP 300–1400 ng/L

BNP > 300 ng/L
NT-proBNP > 1400 ng/L

Imaging (echocardiography, CMR imaging) RA area < 18  cm3

No pericardial effusion
RA area 18–26  cm3

No or minimal pericardial effusion
RA area > 26  cm3

Pericardial effusion
Hemodynamics RAP < 8 mmHg

CI ≥ 2.5 L/min/m2

SvO2 > 65%

RAP 8–14 mmHg
CI 2.0–2.4 L/min/m2

SvO2 60–65%

RAP > 14 mmHg
CI < 2.0 L/min/m2

SvO2 < 60%
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Low or intermediate-risk patients in WHO functional class 
III PAH could alternatively be treated with oral or paren-
teral prostacyclin analogs, such as intravenous epoprostenol 
(I, A), inhaled iloprost (I, B), intravenous iloprost (IIa, C), 
subcutaneous or inhaled treprostinil (I, B), or intravenous 
treprostinil (IIa, C).

The ESC/ERS guidelines recommend that patients in the 
high-risk category be treated with intravenous prostacyclin 
in combination with a PDE5i or ERA. The preferred pros-
tacyclin therapy for functional class IV PAH is intravenous 
epoprostenol (I, A), but other prostacyclin analogs such as 
inhaled or intravenous iloprost; or subcutaneous, inhaled, 
intravenous, or oral treprostinil may be considered, albeit at 
a lower level of recommendation (IIb, C). Oral agents such 
as ERAs, PDE5is, or GCS are not generally recommended 
unless patients are unwilling or unable to be treated with 
prostacyclin infusion therapy (IIb, C).

Combination Therapy

As an alternative to monotherapy, patients at low to inter-
mediate risk can be treated with up-front combination oral 
therapy, typically with ambrisentan and tadalafil (I, B), but 
combinations of other ERAs and PDE5i can be used (IIa, 
C). Combination therapy that includes a parenteral prosta-
cyclin can also be used to treat patients at intermediate risk 
and should be used to treat patients at high risk. Specifi-
cally intravenous epoprostenol plus bosentan and/or silde-
nafil (IIa, C) should be used in high-risk patients. Other 
combinations of ERA, PDE5i, and parenteral prostacyclins 
can also be considered to treat WHO functional class III or 
IV PAH (IIb, C). Although parenteral prostacyclins are the 
mainstay of treatment in functional class IV disease, combi-
nation ambrisentan, and tadalafil (or another combination of 
ERA and PDE5i) can also be considered (IIb, C). It should 
be noted that at the time of publication of the ESC/ERS 
guidelines, data on up-front combination therapy in low and 
intermediate-risk patients had just become available, and its 
use was not uniformly adapted. As a result these guidelines 
left the choice between monotherapy or combination therapy 
to the provider.

Regardless of the initial choice of therapy, the 2015 
ECS/ERS guidelines recommend that patients be followed 
closely and re-evaluated after 3–6 months of treatment. 
The goal of treatment is to maintain or achieve a low (I, C) 
or intermediate (IIa, C)-risk status. Patients who fail to do 
so are felt to have had an inadequate response to therapy 
and should be considered for additional therapy. These 
therapies are added sequentially such that those on mon-
otherapy who do not achieve low-risk status are treated 
with dual therapy and if low-risk status is not reached 
3–6 months later, triple therapy is initiated. Triple therapy 
may include three oral agents or two oral agents with an 

inhaled or parenteral prostacyclin. Those who progress 
to high-risk status despite triple therapy that includes a 
parenteral prostacyclin are referred for evaluation for lung 
transplantation.

The Sixth World Symposium on Pulmonary 
Hypertension

The Sixth World Symposium on Pulmonary Hypertension 
(WSPH) was held in 2018. Thirteen task forces, each focus-
ing on a different topic developed recommendations that 
were published as a series of manuscripts in the European 
Respiratory Journal in 2019 [2, 4, 38–48]. The most notable 
difference between the 2018 WSPH and the 2015 ESC/ERS 
treatment guidelines was the recommendation for a reduced 
role for monotherapy in patients at low or intermediate risk. 
Specifically, these guidelines recommend up-front use of 
combination therapy with an ERA and PDE5i in low and 
intermediate-risk patients unless patients have multiple 
risk factors for left ventricular diastolic dysfunction, high 
probability of PVOD, or PAH that was not studied in the 
AMBITION trial, such as PAH associated with portal hyper-
tension or very mild PAH. For patients in functional class 
IV or who are in the high-risk category, it is recommended 
that treatment be initiated with intravenous epoprostenol in 
combination with a PDE5i. Monotherapy can be considered, 
as it has been shown to improve exercise capacity, hemody-
namics, and outcomes compared with no treatment, but only 
in situations in which parenteral prostacyclin and combina-
tion therapy are not available or are not agreeable to the 
patient. The recommendation of up-front initial combina-
tion therapy is due to the findings of the AMBITION trial 
which was published just after the release of the 2015 ECS/
ESR guidelines. In that study, 500 patients were randomized 
2:1:1 to receive a combination of tadalafil and ambrisentan, 
ambrisentan alone, or tadalafil alone. Those assigned to the 
combination arm had a lower rate of clinical failure events 
defined as death, hospitalization for PAH, disease pro-
gression, or unsatisfactory 6-month clinical response than 
patients randomized to tadalafil or ambrisentan alone [28]. 
As with the 2015 ECS/ERS guidelines, the 2019 WSPH 
guidelines agree that a “multiparametric risk stratification 
approach” using “clinical, exercise, right ventricular func-
tion and hemodynamic parameters” should be used to assign 
patients to a low, intermediate, or high-risk category that 
drives both initial and follow-up treatment choices. How-
ever, other prognostic tools aside from the 2015 ECS/ESR 
risk stratification table (Table 5) may be used to assign risk 
category and readers are referred to risk assessment scores 
derived from the REVEAL, COMPERA, Swedish PAH, and 
French PH Network registries.
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The American College of Chest Physicians 
Guidelines

The ACCP first published guidelines for the management of 
PAH in the journal CHEST in 2004 [49]. The CHEST guide-
lines were updated in 2007, 2014, and 2019 [30]. For these 
guidelines, a systematic literature search was conducted to 
address the question of what is the comparative effective-
ness and safety of monotherapy or combination therapy for 
PAH. The quality of evidence from clinical trials that met 
the search criteria was assessed using the Grading of Rec-
ommendations Assessment, Development and Evaluation 
(GRADE) approach [50]. Graded recommendations and 
ungraded consensus-based statements were developed and 
voted on using a modified Delphi technique to achieve con-
sensus. Similar to the 2015 ESC/ERS guidelines, the 2019 
CHEST guidelines recommend the use of oral therapies 
for patients with mild or moderate disease and intravenous 
epoprostenol for patients with severe disease. However, the 
CHEST guidelines rely more on patient functional class 
than on a comprehensive risk assessment to determine dis-
ease severity. As such, oral therapies are recommended for 
patients in functional class II or III and intravenous prosta-
cyclin for patients in functional class IV. The 2019 CHEST 
guidelines also agree with the 2019 WSPH guidelines that 
up-front combination therapy is preferred over monotherapy 
for treatment-naïve patients in functional class II and III. The 
2019 CHEST guidelines are summarized as follows:

WHO Functional Class I

The CHEST guidelines do not recommend initiating therapy 
in patents with WHO functional class I disease due to the 
lack of any clinical trials that evaluated PAH therapy in this 
group, but recommends that these patients should be moni-
tored regularly for progression to functional class II. This is 
not a recommendation against the early treatment of PAH, 
but rather the inability to make a recommendation regarding 
treatment in a group of patients who have not been formally 
studied.

WHO Functional Class II

The CHEST guidelines recommend initiating combina-
tion oral therapy with an ERA and a PDE5i, specifically 
ambrisentan and tadalafil, to improve 6MWD. Patients who 
cannot tolerate combination therapy can be started on mono-
therapy with an ERA (ambrisentan to improve 6MWD; or 
bosentan or macitentan to delay time to clinical worsening), 
a PDE5i (tadalafil or sildenafil to improve 6MWD); or GCS 
(riociguat to improve 6MWD, improve functional class, and 

delay time to clinical worsening). The CHEST guidelines 
recommend against inhaled or parenteral prostanoids as ini-
tial therapy in WHO functional class II disease.

WHO Functional Class III

First-line initial therapy for patients with WHO functional 
class III PAH is combination therapy with an ERA and a 
PDE5i, specifically ambrisentan and tadalafil to improve 
6MWD. Patients who cannot tolerate combination therapy 
should be treated with monotherapy with an ERA (bosentan 
to improve 6MWD and decrease PH-related hospitalizations; 
ambrisentan to improve 6MWD; or macitentan to improve 
functional class and delay time to clinical worsening), a 
PDE5i (sildenafil to improve 6MWD and functional class; 
or tadalafil to improve 6MWD, improve functional class 
and delay time to clinical worsening); or GCS (riociguat to 
improve 6MWD, improve functional class, and delay time 
to clinical worsening). Patients in functional class III who 
have evidence of rapid progression or other high-risk signs 
can be initiated on parenteral prostanoids, specifically intra-
venous epoprostenol, intravenous treprostinil, or subcutane-
ous treprostinil, all of which have been shown to improve 
6MWD.

WHO Functional Class IV

Patients with WHO functional class IV disease should 
be treated with intravenous epoprostenol, which has been 
shown to improve 6MWD, improve functional class and 
improve survival, or intravenous or subcutaneous trepro-
stinil which have been shown to improve 6MWD. Those 
who are not good candidates for parenteral therapy can be 
treated with combination therapy with an ERA and a PDE5i 
and considered for triple therapy by adding inhaled or oral 
prostacyclin derivatives or a PRA. Patients may be started 
on a PDE5i in addition to parenteral prostanoids, but the 
CHEST guidelines do not recommend the combination of 
bosentan and intravenous epoprostenol due to lack of dem-
onstrate efficacy [30].

Determining Response to Therapy

All three sets of guidelines recommend evaluating response 
to treatment after 3–6  months. ESC/ERS recommends 
risk-stratifying patients as low, intermediate, or high 
risk as described above. ESC/ERS and WSPH recom-
mend that if low-risk status has been achieved (or main-
tained), current therapy should be continued. Patients 
who are intermediate or high risk after 3–6  months 
of therapy should be initiated on an additional agent. 
If monotherapy was used, options for combination 
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therapy include macitentan + sildenafil, riociguat + bosen-
tan, selexipag + ERA, or selexipag + PDE5i. The use of 
riociguat + PDE5i is not recommended because in the only 
clinical trial performed this combination did not improve 
efficacy and was associated with greater adverse effects 
[51]. If patients do not respond to combination therapy, tri-
ple therapy, such as selexipag + ERA + PDE5i can be used 
or parenteral prostacyclins can be considered. Referral to 
transplant center should also be considered in this popula-
tion [3, 45].

CHEST guidelines primarily use WHO functional class to 
determine response to treatment. For patients who continue 
to be WHO functional class III or IV despite therapy with 
ERA and PDE5i, inhaled treprostinil or inhaled iloprost can 
be added. Treatment for WHO functional class IV PAH on 
stable doses of intravenous epoprostenol can be optimized 
by either up-titrating epoprostenol or adding sildenafil. 

Patients with WHO functional class III or IV disease who 
are symptomatic despite two classes of PAH drugs, should 
have a third agent added. Other combinations endorsed by 
CHEST include adding riociguat to bosentan, ambrisen-
tan, or inhaled prostanoids; adding macitentan to PDE5i 
or inhaled prostanoids; and adding tadalafil to ambrisentan 
[30]. Figure 3 depicts a flow chart of how to initiate therapy 
and adjust treatment regimens based on response to initial 
therapy.

Knowledge Gaps and Future Studies

The treatment algorithms in the above guidelines have 
been driven in part by the results of the AMBITION study 
that demonstrated a significant reduction in clinical failure 
events, greater increase in 6MWD, and greater reduction 

Fig. 3  Algorithm for initiating and adjusting PAH therapy. Assess 
functional class and mortality risk. WHO functional class I does not 
require therapy, but patients should be monitored closely for progres-
sion to functional class II. Guidelines recommend that initial therapy 
for WHO functional class II/III is combination oral therapy with ERA 
and PDE5i. Alternative therapies include monotherapy with an oral 
agent or intravenous prostacyclin. Recommended therapy for WHO 
functional class IV is intravenous prostacyclin alone or in combina-
tion with PDE5i or ERA. Alternative approaches for patients who do 
not want or cannot tolerate recommended therapy include combina-
tion oral therapy. Response to treatment should be monitored closely. 
Those who remain WHO functional class III/IV or are intermedi-
ate/high risk should have additional therapies added. A second oral 

agent can be added to oral monotherapy; a third oral agent or inhaled/
parenteral prostacyclin can be added to combination oral therapy; 
combination inhaled/parenteral prostacyclin and oral therapy can be 
supplemented with a second oral agent; inhaled/subcutaneous pros-
tacyclin can be changed to intravenous prostacyclin; or the dose of 
intravenous prostacyclin can be increased. Patients who are refrac-
tory to maximal treatment should be considered for lung transplant. 
Black arrows designate recommended therapies. Blue arrows repre-
sent alternative therapies when recommended therapies cannot be 
instituted. WHO world health organization, ERA endothelin receptor 
antagonist, PDE5i phosphodiesterase-5-inhibitor, SQ subcutaneous, 
IV intravenous
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in proBNP levels in patients who received up-front com-
bination therapy with a PDE5i and an ERA compared to 
those who were treated with either agent alone. However, 
it remains unclear if the beneficial effect of combination 
therapy is due to additive or synergistic effects of these 
two drug classes or if using two drugs increases the like-
lihood of finding one that the patient is able to respond 
to. Furthermore, it is not known if other combinations of 
oral therapies such as sGC stimulator and a PRA or an 
oral prostacyclin would be more or less effective than the 
PDE5i + ERA combination. At the time that the AMBI-
TION study was initiated, PDE5i and ERAs were the 
only oral agents approved for treatment of PAH. Since 
that time, three new classes of orally active agents have 
been approved (riociguat, selexipag, and oral treprostinil), 
providing numerous other potential combination therapies 
that have yet to be tested. Finally, it is possible that the 
benefits of dual versus monotherapy could be exceeded by 
up-front triple combination therapy. One ongoing phase III 
trial (TRITON) is presently evaluating such an approach 
by examining the efficacy of up-front treatment with maci-
tentan + tadalafil + selexipag versus macitentan + tadala-
fil + placebo in treatment-naïve PAH patients (Clinicaltri-
als.gov NCT02558231). Study completion is expected in 
the year 2020.

Present guidelines also suggest that patients who fail to 
respond to up-front combination therapy be treated with 
additional therapy resulting in an increased likelihood that 
most patients will eventually be on three drugs. An alterna-
tive approach that is just beginning to be tested is to switch 
therapies in patients who have an unsatisfactory response 
to their initial treatment. In a recently completed, prospec-
tive, open-labelled study, 61 patients treated with PDE5i 
alone or in combination with an ERA who failed to achieve 
a satisfactory response defined as functional class III with a 
cardiac index < 3.0 L/min/m2 and PVR > 400 dyne.cm.sec.4 
were switched from their PDE5i to riociguat [52]. Signifi-
cant improvements in 6MWD and NT-proBNP levels were 
seen at the completion of the 24-week study, and just over 
half of the patients had an improvement in WHO functional 
class. A larger prospective, randomized, placebo-controlled 
study (REPLACE) has recently completed enrollment and 
results of this study should help to determine if this strat-
egy can be successful (Clinicaltrials.gov NCT02891850). 
Due to the lack of data, neither triple combination therapy 
nor switching established therapy has been discussed in the 
most recently updated guidelines, and neither approach can 
be recommended until further studies are completed. How-
ever, for those patients who are unwilling or unable to fol-
low current treatment guidelines, these alternatives present 
additional options (Fig. 4). It should be emphasized, how-
ever, that neither sequential add-on therapy nor switching 
drugs from one class to another should delay the initiation 

of parenteral prostacyclin therapy in patients who progress 
to a high-risk status.

Adverse Effects and Drug Costs

Most of the major side effects associated with the use of 
PAH-specific medications are related to their vasodilating 
effects outside of the pulmonary circulation. Although con-
siderable overlap of adverse effects exists between drugs, 
some symptoms appear unique to particular drug classes. 
PDE5is commonly cause headache and have also been 
associated with esophageal reflux and muscle pains. Rarely, 
PDE5is have been associated with visual or auditory distur-
bances. Due to the possible association between PDE5i and 
non-arteritic anterior ischemic optic neuropathy (NAION), 
PDE5i should be stopped immediately in patients who report 
change in vision until they can be evaluated by an ophthal-
mologist. The use of ERAs has been associated with wors-
ening peripheral edema and sinus congestion or rhinorrhea. 
These agents may also cause a mild anemia. Elevation of 
liver transaminases is common in bosentan and has been 
associated with hepatitis, but rarely occurs in ambrisentan 
or macitentan. The side effect profile of prostacyclins differs 
from the other agents because this class of drug is usually 
titrated to maximum tolerable effect. Prostacyclins are well 
known for causing facial flushing, erythema, diarrhea, and 
jaw pain when chewing. Some patients will also complain of 
musculoskeletal pain especially in their lower extremities or 
on the soles of their feet when standing. Other less specific 
complaints include fatigue, GI upset, and lightheadedness 
and are seen with all drug classes. All PAH-specific medi-
cations can lower systemic blood pressure. Although this 
effect is generally mild, in some cases, it can necessitate 
dose reduction or discontinuation of the patient’s anti-hyper-
tensive medications. The combination of PDE5i and nitrate 
therapy can cause more severe systemic hypotension and is 
contraindicated. The frequency and severity of side effects 
from PAH medications vary considerably between patients, 
but in some cases may make it difficult to follow recom-
mended treatment guidelines. Side effect profiles should be 
considered when designing a specific regimen for a patient. 
The large number of drugs available for treatment of PAH 
provides the patient and clinician with a variety of options 
for individualizing patient care.

Although PAH is a rare disease, medical treatment can 
contribute significantly to health care costs. In general, 
PDE5i are the least expensive class of PAH drugs, whereas 
the retail prices of ERAs, GCS, PRA, and inhaled or oral 
prostanoids are estimated to cost considerably more. Under 
current pricing conditions, combination therapy with two 
or three oral agents can exceed hundreds of thousands of 
dollars a year in the US. Generic PDE5i and ERAs are 
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available, but their cost savings have generally been mini-
mal. Cost estimates for parenteral prostacyclins and oral 
treprostinil are difficult to estimate because they depend 
on the dose, which varies considerably between patients. 
However, for many patients, the cost of parenteral therapy 
may be substantially less than combination therapy with oral 
agents. Health care providers will need to be cognizant of 
the overall cost of prescribed therapies in the present-day 
health care system.

Summary and Conclusions

PAH is a rare disease that is progressive and incurable. The 
general approach to management includes proper classifica-
tion of disease, determination of disease severity, initiating 
treatment, and frequent assessments of response to therapy. 
Proper diagnosis is imperative as patients with PAH have 
a poor prognosis and require long-term therapy. Over a 
dozen drugs are currently approved for the treatment of 

PAH providing both patient and clinician numerous options 
for what was once considered a disease with no treatment. 
Several comprehensive treatment guidelines have recently 
been updated. In general, these guidelines suggest that PAH 
patients be assessed for disease severity and likelihood of 
1-year mortality using a combination of symptoms and clini-
cal findings and that those who are at low or intermediate 
risk be treated initially with up-front combination therapy 
comprised of an ERA and a PDE5i. Patients at high risk 
of death within the following year and/or in WHO func-
tional class IV should be treated with continuous intravenous 
infusion of epoprostenol alone or in combination with an 
oral PDE5i or a PDE5i and an ERA. All patients should be 
assessed at regular intervals for response to therapy. Patients 
who do not attain, low or intermediate-risk status, should be 
considered for additional therapy. More recently developed 
medications such as GCS, PRA, and oral treprostinil provide 
patients with a number of options to expand therapy, but 
should not delay the initiation of parenteral prostacyclins in 
high-risk patients. Consideration should be given for referral 

Fig. 4  Strategies in the treatment of PAH. Guideline-recommended 
therapy depends on mortality risk. Combination PDE5i + ERA is the 
recommended treatment for low-risk patients in FC II/III. Current 
guidelines do not recommend monotherapy but it can be considered 
with any of the approved oral therapies for PAH in low-risk patients 
who cannot obtain or tolerate combination treatment. Inhaled/oral 
prostacyclin or selexipag should be considered for patients who 
are treated with PD5i + ERA who progress from FC II to FC III or 
from low to intermediate risk, or in patients in FC III or intermedi-
ate risk who do not improve. Intravenous epoprostenol should be used 
in patients who are FC IV or high risk and oral therapy alone or in 
combination should be considered in these patients. An alternative 

approach for intermediate-risk patients who do not improve on treat-
ment with PD5i or PD5i + ERA is to switch PD5i to riociguat in and 
then add prostacyclin therapy if there is no improvement. RAP, BNP, 
6MWD, and WHO FC provide only approximate measures of 1-year 
mortality risk. See text for more detailed methods of risk assessment. 
Treatments that are recommended by current guidelines are in black 
font. Currently available options to recommended treatments are 
shown in blue. RAP right atrial pressure, BNP brain natriuretic pep-
tide, 6MWD 6-min walk distance, WHOFC world health organization 
functional class, PDE5i phosphodiesterase-5-inhibtor, ERA endothe-
lin receptor antagonist
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to a center experienced in diagnosis and treatment of PAH 
at the time of diagnosis due to the rarity of this disease and 
the limited experience that most practitioners may have in 
its management. Patients who remain at high risk despite 
medical therapy should be considered for lung transplant 
evaluation.
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