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Pulmonary hypertension (PH) is an uncommon condition
that describes a group of diseases with a seemingly similar
yet vastly different array of pathophysiologies, etiologies,
and treatments. PH may have been first recognized over a
century ago when changes in pulmonary vasculature were
seen during an autopsy of a patient who presented with
cyanosis.1 In the following decades, the disease underwent
several stages of understanding until the work of Brenner in
1935 laid a foundation for the current diagnosis of PH.1 Today
PH is thought to affect anywhere from 1 to 7% of adults in
developed countries.2 While it was thought that the disease
affected primarily young females, it is now understood that
the disease is more commonly diagnosed among patients 65
and older. Females are still more affected than males at a
younger age though and have better survival.2

Normal mean pulmonary arterial pressure (PAPm) is
currently defined to be 14 mm Hg with an upper limit of
normal of 20 mmHg.3 PH is defined as PAPm of > 25 mmHg
at rest as measured by right heart catheterization (RHC). The
term borderline PH is sometimes used to describe patients

with PAPm of greater than 20 but less than 25; however, the
term remains controversial.3–5 The most recent world sym-
posium on PH has suggested to adjust this definition to
include PAPm >20, and this will most likely be included in
the next iteration of the guidelines and some physicians have
started using it in their practices.6 Exercise-induced PH is yet
another controversial subtype of PH. It was initially removed
from the guidelines due to heterogeneity in testing and
definitions; however, a growing body of evidence in the
recent years may be restoring it as its own category.7,8

Additional values obtained via catheterization are used to
further classify the category of PH and define the subsequent
management. Values such as the pulmonary artery wedge
pressure (PAWP), pulmonary vascular resistance (PVR), and
left ventricular end diastolic pressure (LVEDP) are most
commonly obtained. LVEDP is usually obtained via left heart
catheterization.3–5 Perhaps the most valuable is the PAWP.
Current clinical practice is accustomed to using the term
pulmonary capillary wedge pressure; however, expert
groups prefer the term PAWP or pulmonary artery occlusion
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Abstract Pulmonary hypertension is an uncommon disease that carries a significant morbidity
and mortality. Pulmonary arterial hypertension is a subtype of pulmonary hyperten-
sion that describes a group of disease entities that lead to an elevation in precapillary
pulmonary artery pressure. Despite advances in the diagnosis and treatment of
pulmonary arterial hypertension, it remains a difficult disease to recognize and
manage. In this review article, we will discuss the definition and diagnosis of pulmonary
arterial hypertension. Additionally, we will discuss the ever-expanding management
options, their mechanisms and strategies, including combination therapy and themost
recent advances and future directions.
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pressure. This is due to the fact that it is misleading to believe
that the pressure measured truly represents the capillary
pressure in all of the pulmonary circulation.3

The differentiation of the subtype of PH is crucial to
patient management and prognosis as they all represent
unique diseases and have unique treatment plans. The

European Society of Cardiology/European Respiratory
Society (ERS/ESC) has provided the most updated classifica-
tion categories for PH. The classification is often determined
by both the patient’s history and values obtained during
catheterization as mentioned above. A summary of the
classifications is described in ►Table 1.4,5

Table 1 Clinical classification of pulmonary hypertension

1. Pulmonary arterial hypertension

1.1 Idiopathic
1.2 Heritable
1.2.1 BMPR2 mutation
1.2.2 Other mutation
1.3 Drugs and toxins induced
1.4 Associated with:
1.4.1 Connective tissue disease
1.4.2 Human immunodeficiency virus (HIV) infection
1.4.4 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis

1′ Pulmonary Veno-occlusive disease and/or pulmonary capillary hemangiomatosis

1′.1 idiopathic
1′.2 Heritable
1′.2 1 EIF2AK4 mutation
1′.2 2 Other mutation
1′.3 Drugs, Toxins and radiation induced
1′.4 Associated with:
1′.4.1 Connective tissue disease
1′.4.2 HIV infection

2. Pulmonary hypertension due to left heart disease

2.1 Left ventricular systolic dysfunction
2.2 Left ventricular diastolic dysfunction
2.3 Valvular disease
2.4 Congenital/acquired left heart inflow/outflow tract obstruction and congenital cardiomyopathies
2.5 Congenital/acquired pulmonary veins stenosis

3. Pulmonary hypertension due to lung disease and/or hypoxia

3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Other pulmonary disease with mixed restrictive and obstructive pattern
3.4 Sleep-disordered breathing
3.5 Alveolar hypoventilation disorders
3.6 Chronic exposure to high altitude
3.7 Developmental lung disease

4. Chronic thromboembolic pulmonary hypertension and other pulmonary artery obstruction

4.1 Chronic thromboembolic pulmonary hypertension
4.2 Other pulmonary artery obstruction
4.2.1 Angiosarcoma
4.2.2 Other intravascular tumors
4.2.3 Arteritis
4.2.4 Congenital pulmonary arteries stenosis
4.2.5 Parasites (hydatidosis)

5. Pulmonary hypertension with unclear and/or multifactorial mechanisms

5.1 Hematological disorders: chronic hemolytic anemia, myeloproliferative disorders, splenectomy
5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis, neurofibro-

matosis
5.3 Metabolic disorders, glycogen storage disease, Gaucher disease, thyroid disorders
5.4 Others: Pulmonary tumoral thrombotic microangiopathy, fibrosing mediastinitis, chronic renal

failure (with/without dialysis), segmental pulmonary hypertension

Abbreviations: BMPR2, bone morphogenetic protein receptor, type 2; EIF2AK4, eukaryotic translation initiation factor 2 α kinase 4.
Source: Reproduced with permission from McLaughlin et al, circulation 2009, and Galie et al ERS/ESC Guidelines for diagnosis and treatment for
pulmonary hypertension, Eur Heart J 2016.4,5
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Pulmonary arterial hypertension (PAH) is used to describe
a subset of patient with PH that is characterized by having a
precapillary elevation in the PAPm. This subset is also known
as group 1 PH.3–5 While this subgroup sufficiently cate-
gorizes those with similar hemodynamics, it still contains
a diverse variety of physiologies within itself. This is driven
by different disease processes with each having their own
management strategy.3–5

Diagnostic Approaches

PHmay present with subtle symptoms. These symptoms are
nonspecific but most commonly begin with exertional dys-
pnea. Fatigue, weakness, and shortness of breath are also
common. Patientswho present later in their coursemay have
manifestation of right ventricular failure.5 Making the diag-
nosis usually requires a stepwise approach that involves
various screening modalities. Many of these modalities
may indicate the presence of PH; however, an RHC is always
needed to definitively confirm the diagnosis. Before a diag-
nosis of PAH is made, other causes of PH need to be ruled out.
Current guidelines recommend further workup including
pulmonary function testing, ventilation–perfusion (V/Q)
scanning, and polysomnography.1

Echocardiography
Echocardiography is often used as a screening tool. Its broad
utilization in a variety of clinical scenarios has increased the
incidentalfinding of PH. Thismay lead to further investigation
depending on the severity of the findings. Transthoracic
echocardiography (TTE) can evaluate and monitor the effects
of PHon theheart and is oftenused for surveillance onpatients
receiving vasodilator therapy. TTE offers the ability tomeasure
the right atrial pressure and calculate the pulmonary artery
systolic pressure, which are commonly used values in mon-
itoring of response or deterioration.5 Being commonly avail-
able, inexpensive and noninvasive, TTE has become the
preferred means of follow-up of right ventricular function
(RVF) and hemodynamics.9 In the surgical setting, transeso-
phageal echocardiography (TEE) has been used to evaluate
patients with PH, who may need further perioperative inter-
ventions prior to their anticipated surgery.10 TEEhas also been
used in lung transplant surgeries intraoperatively to evaluate
right heart function and to monitor for acute processes that
mayultimatelyaffect the long-termoutcomeof the transplant,
such as left to right shunting.10

Ventilation–Perfusion Scanning
V/Q scanning is a useful tool in ruling out chronic throm-
boembolic pulmonary hypertension (CTEPH) as a cause of PH
once confirmed on RHC. The current ESC/ERS guidelines
recommend V/Q scanning due to its increased sensitivity
(90–100%) and specificity (94–100%) in ruling out CTEPH
with a normal or low probability scan as compared with
other modalities such as computed tomography (CT) with
pulmonary angiography.5While V/Q scanning can effectively
rule out CTEPH, there is limited evidence for its role in
confirming PAH. Data from a recent retrospective study

conducted in China has suggested that in patients with
confirmed PAH, a patchy perfusion pattern on V/Q scan is
associated with a significantly increased PAPm, total pul-
monary pressure, and all-cause mortality.11 While this
information may be useful in prognostication and assessing
risk in patients with PAH, use of a patchy perfusion pattern
on V/Q scan as a screening or diagnostic modality for PAH
requires further study.

Cardiac MRI
Cardiac magnetic resonance imaging (MRI) is useful in asses-
sing multiple cardiac parameters including RVF, size, cardiac
output, stroke volume, and pulmonary artery distensibility.
This canbeparticularly helpful inpatientsdiagnosedwithPAH
as this modality has the added benefit of having reliable and
reproducible results.5 Cardiac MRI has been studied as a tool
for long-term follow-up and overall prognostication in
patients with PAH. A decrease in the parameters measured
on cardiac MRI such as right ventricular ejection fraction,
stroke volume, and left ventricular end diastolic volume has
been associated with a poor prognosis in patients with PAH,
and thus it has been useful in monitoring the progression of
disease.12 In patients with PAH who are on vasodilatory
therapy, PVR is often used to assess response to therapy. RVF
assessed by cardiac MRI has been shown to be progressively
reduced in some patients with PAH despite a decrease in PVR,
thus it has been proposed that monitoring RVF with cardiac
MRI in patients with PAH may be a more useful means of
monitoring disease progression.13

Right Heart Catheterization
While there are other available diagnostic modalities, the
diagnosis of PAH ultimately requires RHC. Not only is this
used to rule in pre-capillary PH but also is used to assess
vasodilatory response to help guide treatment. The current
ESC/ERS PH guidelines note that a RHC is a necessary test for
PAH and vasoreactivity test should be done for the cases of
idiopathic PAH (iPAH), hereditary PAH, and drug-induced
PAH to identify the subset of patients that will respond to
calcium channel blocker (CCB) therapy.5 Historically, the
definition of PH on RHC has been a PAPm of �25 mm Hg.
The recent 6thworld symposium on PH now is proposing the
cutoff be changed to a PAPm of�20 mmHg based on the fact
that this number has been found to be two standard devia-
tions above the mean of normal.6

AfterPH is confirmedonRHC, it is furthercharacterized into
precapillary (PHgroups1,3,4, and5), postcapillary (PHgroup2
and sometimes 5), or mixed pre- and postcapillary. This
categorization is based on the values of PAPm, PVR, and
PAWP.PAHfalls into theprecapillaryPHcategoryand isdefined
hemodynamically as having the following: PAPm of �25 mm
Hg, PVR �3 wood units, and PAWP of �15 mm Hg.14 Other
values that can be extrapolated from the RHC which may be
helpful in further characterizing PH include the transpulmon-
arygradient (TPG) and thediastolicpulmonarygradient (DPG).
TheDPG isparticularly useful indiagnosing “outof proportion”
PH, which refers to pulmonary artery pressures that are
disproportionately elevated in the setting of group 2 PH. A
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DPG� 7 mmHg is suggestive of amixedpre- andpostcapillary
PH and could be a clue that the patient may have PAH in the
settingof leftheartdisease.15ATPG > 12 mmHghasalsobeen
used to help identify postcapillary PH with a precapillary
component; however, this measure is affected by cardiac out-
put as well as recruitment and distensibility of the pulmonary
vasculature; therefore, the TPG can over- or underestimate the
upstreameffects of the left atrial pressure.15Thevasoreactivity
test entails administering inhaled nitric oxide (NO) during RHC
at 10 to 20 ppm. A test is considered positive if there is a
reduction in the PAPm � 10 mm Hg to reach a PAPm � 40
mm Hg with no change or an increase in cardiac output.5

CT Angiography
CT angiography (CTA) has several benefits when it comes to
evaluating patients with PH. The high-resolution images
allow for the evaluation of the lung parenchyma, architec-
ture of the heart, and the structure of the pulmonary vessels
which can then help narrow down potential causes of PH.
CTA is particularly useful as a noninvasive method of eval-
uating patients for CTEPH that may be amenable to pulmon-
ary endarterectomy.5 The pulmonary artery (PA) diameter,
the PA-to-ascending aorta ratio, and the segmental artery-
to-bronchus ratio are all measurements that have been
identified as reliable markers of the presence of PH on
CTA. A PA diameter>29 mm has a sensitivity and specificity
of 87 and 89%, respectively, and the specificity increases to
100% when combined with a segmental artery-to-bronchus
ratio of > 1:1 in three pulmonary lobes.16 A main PA dia-
meter to ascending aorta diameter ratio of > 1:1 has a 96%
positive predictive value for PH and thus can also be used to
identify evidence of PH on CTA.16 While much of the infor-
mation obtained on CTA is not specific to PAH, there are some
parenchymal changes on CT such as centrilobular nodules
that are seen more commonly in PAH in comparison to other
groups of PH. Patients with PAH are at an increased risk of
pulmonary hemorrhage; this leads to phagocytosis of red
blood cells by pulmonary macrophages which then develop
into cholesterol granulomas that are visible on CT as cen-
trilobular nodules.17 CTA may provide other clues as to the
etiology of PAH; for example, it may reveal a large and dilated
esophaguswhichmaybe seen in systemic sclerosiswhich is a
known cause of PAH.5

Pathophysiology

PAH can be idiopathic, or it can be the end result of a wide
array of mechanisms ranging from genetic disorders to
infections.18 The resulting pathologic feature regardless of
the cause is the remodeling of the pulmonary vasculature
and subsequently of the right ventricle (RV).19,20 Small
pulmonary arteries are the most affected. Endothelial dys-
function along with intimal hyperplasia, medial hypertro-
phy, and subsequent inflammation and thrombosis are often
the pathologic findings in disordered, remodeled pulmonary
vasculature in patients with PAH.19 These changes are what
leads to progressive partial occlusion of pulmonary vascu-
lature and the elevation in the PVR.19,20

The RV response to the rise in the PVR and the increased
afterload is hypertrophy. Right ventricular hypertrophy (RVH)
can be subclassified as adaptive ormaladaptive. Adaptive RVH
is characterizedbyminimal eccentric dilatation andfibrosis as
well as minimal changes in ejection fraction, and filling
pressures. Maladaptive RVH, on the other hand, is character-
izedby increasedeccentric dilatation andfibrosis, thus leading
to reduction in ejection fraction and cardiac output, and
increase in filling pressure. Patient with maladaptive RVH
exhibits increase in sympathetic activation.19,21 The mechan-
ism by which the transition occurs from adaptive to maladap-
tive RVH remains unclear. However, it has been observed that
patients with connective tissue disease, particularly sclero-
derma, progress to maladaptive RVH early.22

The aforementioned vascular remodeling and subsequent
pathologic changes in both the vasculature and the RVcan be
attributed to the disruption and imbalance of factors reg-
ulating vasodilation, proliferation, and thrombosis path-
ways.19,20 A foundational understanding of these pathways
leads to a better appreciation for the mechanism of action of
the drugs used to treat PAH (►Fig. 1).

Nitric Oxide
NO is a potent vasodilator and is produced by endothelial
cells. It also is an inhibitor of platelet activation and smooth
muscle proliferation.18,19 It performs its functions by diffus-
ing from the endothelial cells to the smoothmuscle layer and
binds soluble guanylate cyclase (sGC). The activated sGC then
converts guanosine triphosphate to cyclic guanosine mono-
phosphate (cGMP) which then activates this pathway. cGMP
is broken down by phosphodiesterase type 5 (PDE-5) effec-
tively regulating the function of the pathway controlled by
NO.20 NO is decreased in PAH leading to overall conditions
favoring vasoconstriction and smooth muscle cell prolifera-
tion.19,20 These decreased levels were especially observed in
patients with iPAH.18,23

Prostacyclin and Thromboxane A2
Prostacyclin and thromboxane are metabolites of arachido-
nic acid that are produced by endothelial cells. Once prosta-
cyclin is produced, it is released and bind to receptors on
vascular smooth muscle cells called I-prostanoid receptors
(IPs).20 IP receptors then activate a pathway that leads to
vasodilation by relaxing smooth muscles. It also plays a role
in inhibiting platelet aggregation and smooth muscle pro-
liferation.19,20 Thromboxane A2, on the other hand, is a
potent activator of platelet aggregation. It also stimulates
vasoconstriction and smooth muscle proliferation.19,20 In
patients with PAH, there is a notable increase in the ratio
of the two factors in favor of thromboxane A2. Patients with
PAHhave reduced prostacyclin production aswell as reduced
expression of IP receptor.24,25 This is especially true in
patients with iPAH where the production of prostacyclin
synthase was notably decreased.25

Endothelin-1
Endothelin-1 (ET-1) is produced at the surface of endothelial
cells and acts as a vasoconstrictor and a stimulator for

International Journal of Angiology Vol. 28 No. 2/2019

Pulmonary Arterial Hypertension Ishak Gabra et al. 83

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



smooth artery muscle cells proliferation.19,20 There are two
receptors on smooth muscle cells that are activated by ET-1,
which are ETa and ETb.20 In patients with PAH, there is an
increased expression of Eta and ETb,20 as well as increased
concentrations of ET-1, though it is unclear if this elevation is
the cause or an effect of PH.26 It has been observed that
concentrations of ET-1 are inversely proportional to pul-
monary bloodflowand cardiac output, possibly implicating a
direct relationship.18

Serotonin
Serotonin is another vasoconstrictor with pro-hypertrophy
and hyperplasia properties.18 The direct role of serotonin in
PAH is yet to be clearly defined. The plasma levels of serotonin,
however, were noted to be elevated in patientswith PAH,with
a concomitant reduction in platelet levels.27 The level of
serotonin in the plasma is not likely to be implicated as
selective serotonin inhibitors, which effectively increase ser-
otonin levels in the plasma, do not raise risk of PAH, and could
possiblybeprotective.28Themore likelycause is abnormalities

with serotonin uptake and transporters. It has been observed
that incidence of PAH is increased among patients who took
medicationknown to increase serotonin release fromplatelets
and increase its uptake.29 Recently mutations in the serotonin
transporter and receptor or both have been described in
patients with PAH.30

In addition to the molecular pathways that are in array in
patients with PAH, PAH could be inheritable. Heritable PAH
(hPAH) exists in roughly one-tenth of patients, and is often
autosomal dominant.1,20 A variety of mutations have been
implicated in hPAH. Up to 100 families have been identified
with hPAH worldwide.31 It is noted that the inheritance
pattern of these mutations follows a pattern described as
genetic anticipation in which each generation develops the
disease earlier and at a greater severity than the generation
prior.18

Transforming Growth Factor β Family of Mutations
This superfamily of mutations has been associatedwith PAH.
Bone morphogenetic protein receptor (BMPR2) is probably

Fig. 1 The major pathways and the pharmacological treatments targeting them. ATP, adenosine triphosphate; cAMP, cyclic adenosine
monophosphate; ET, endothelin; GTP, guanosine triphosphate; GMP, guanosine monophosphate; IP, I-prostanoid receptors; NO, nitric oxide;
PDE-5, phosphodiesterase type 5; sGC, soluble guanylate cyclase. Adapted with permission from Prior et al. update on pharmacotherapy for
pulmonary hypertension, Med J Aust 2016.86
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the most common and well-studied, with over 45 mutations
identified in patients with hPAH.31 This mutation is present
in up to 75% of patientswith hPAHandmay also be present in
up to 20% of cases of iPAH.32 BMPR2 regulates vascular
smooth muscle cell growth and loss of its function leads to
increase in pulmonary artery smoothmuscle cells.19Activin-
like kinase, mothers against decapentaplegic homolog 9, and
endoglin are other known mutation, but comparatively less
common than BMPR2 as theycollectively appear in as little as
only in 5% of patients of hPAH.1

Other Mutations
Caveolin-1 and KCNK3 have been identified in families with
hPAH without abnormalities in the transforming growth
factor β pathway both of which are involved in cell mem-
brane trafficking.19

Mutations in Serotonin Pathway
It has been observed that patients with iPAH have increased
expression of the serotonin transporter 5 hydroxytrypta-
mine Transporter (5-HTT), and as results, an increase in
smooth muscles cells of the pulmonary vessels.30

Patients with PAH often have multiple comorbidities;
however, several conditions have been irrefutably associated
with the development of PAH.

Human Immunodeficiency Virus
Human immunodeficiency virus (HIV) has been shown to
be associated with an increased incidence of PH. The
incidence has been noted to be roughly 0.5% which is up
to 12 times greater than the general population. The
development of PAH appears to be independent of CD4
cell count; however, it is directly proportional to the dura-
tion of HIV infection. The mechanism, is yet to be comple-
tely understood.18

Rheumatologic and Connective Tissue Disease
Features of PAH are sometimes observed in patients with
systemic lupus erythematosus, rheumatoid arthritis, and
connective tissue disease; however, the most commonly
associated condition is scleroderma. This is particularly
evident in the CREST variant where up to 15% of patients
will have clinically significant PAH, and changes within the
pulmonary vasculature are noted in up to 80% of patients on
autopsy.33

Sickle Cell Anemia
PAH is present in up to 30% of patients with sickle cell
anemia. The suggested mechanism is through the consump-
tion of NO by free hemoglobin or via increased levels of
reactive oxygen species, which are increased in patientswith
sickle cell anemia.34 It was previously thought that recurrent
episodes of acute chest syndrome were responsible for
increased incidence of PAH in patients with sickle cell;
however, that has since been refuted. The presence of PAH
increases the mortality in patients with sickle cell and the
relationship is inversely proportional to the degree of
increase in mPAP.35

Management

Patient with PAH requires close follow-up and frequent
monitoring. While targeted therapy is the main focus of
treatment for these patients, symptomatic and supportive
treatment remains a large component of their care. Their
treatment is often complex and is applied in a stepwise
approach.5 These treatment strategies are paired with life-
style changes and are tailored to severalmetrics that are used
to prognosticate andmeasure severity for patients with PAH.

Themost widely used test is the 6-minutewalking test, as
it is easy to perform and inexpensive. It is also recommended
to use Borg score at the end of the test to provide additional
information about the degree of effort.5,36 Cardiopulmonary
Exercise Testing (CPET) can also be used to provide informa-
tion regarding prognostication and therapeutic choices, it is
much less utilized.37

While there is no specific biomarker for PAH, the most
commonly accepted markers are brain natriuretic peptide
(BNP) and N-terminal proBNP (NT-proBNP). The levels of
these markers correlate to level of cardiac dysfunction, and
while they are not specific to PH by any means, they have
been helpful in providing prognostic information.38 It has
been noted that BNP correlates more accurately to the
pulmonary vasculature status and is less affected by renal
dysfunction, while NT-proBNP may be more accurate in
prognostication; however, overall one is not superior to
the other in the management of PAH.38

Lifestyle changes are key components of the management
of PAH. Pregnancy is not only associatedwith highmorbidity
andmortality but also limits the treatment options available
and thus should be avoided.5 While the risk remains high,
patients with PAH have improved outcomes with pregnan-
cies in recent years, especially in patients who respond to
CCBs.5,39 While Progesterone-only options are potentially
safe, Barrier contraceptives are arguably the safest for these
patients.40 There remains, however, controversy regarding
the most appropriate option.5

Supportive measure also plays an important role in the
treatment plans for patients of PAH. The use of diuretics is
common with the goal of prevention of edema and the
potential deleterious effects of volume overload on RV func-
tion and remodeling. There are, however, no randomized
controlled trial (RCT) to evaluate the diuretic use in PAH, and
their use remains entirely based on clinical status.41 Oxygen
use is also common in patients with PAH as a means to avoid
hypoxia-induced pulmonary vascular constriction. It has
been shown that the hypoxia can increase PVR in patients
with PAH and oxygen reduces that.42 Current recommenda-
tions include supplemental oxygen to maintain saturations
above 90%; however, there remains a lack of RCTs to evaluate
its effects4.

Anticoagulants remains an important component of the
treatment of patients with PAH, though specifically limited
to patients with iPAH, hPAH, and PAH due to anorexigens.5

This recommendation is based on the findings of increased
number of thrombotic lesions in autopsies of patients with
iPAH, as well an increased risk of venous thromboembolism
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risk.43 Prospective RCTs as well as registry data offer con-
troversial and inconsistent results, and thus the supporting
data are limited retrospective evaluation.5,43

Targeted Therapy

Calcium Channel Blockers
CCBs act directly on vascular smoothmuscle cells and lead to
vasodilation.20 While they are commonly used in the treat-
ment of PAH, only a small subset of patients demonstrates
the vasoreactivity needed for their efficacy.44 Vasoreactivity
is defined as a drop in mean PAPm of >10 mm Hg from
baseline to a value<40 mmHgwithout a decrease in cardiac
output.5 CCB should be avoided in patients who have nega-
tive vasoreactivity testing as the potential adverse events
include syncope, hypotension, and progression of RV fail-
ure.45 CCB, along with vasoreactivity testing, should only be
utilized in the treatment of iPAH, hPAH, and drug-associated
PAH. This is due to the fact that vasoreactive testing may be
misleading in other forms of PAH and those patients do not
benefit from long-term CCB therapy.46

Patients with iPAH, hPAH, and drug-associated PAH who
do show positive vasoreactivity should be started on either
nifedipine, diltiazem, or amlodipine.5 The most commonly
used are diltiazem and nifedipine. The choice of CCB is
dependent on patient’s characteristics such as baseline blood
pressure and heart rate.44,47 Doses used are often higher
than those commonly used for other conditions, but it is
recommended to start at a low dose and escalate slowlywith
close follow-up.5 Patients who do not have an adequate
response should have additional PAH therapy added. An
adequate response is defined by the ERS/ESC to be near
normalization or marked improvement in hemodynamics,
As well as improvement in symptoms to WHO functional
class I or II.5

Endothelin Receptor Antagonists
As discussed earlier, ET-1 is responsible for proliferation and
vasoconstrictor and exerts its functions by acting on ET-A
and ET-B receptors. Thus, inhibitors of these two receptors
were developed to target this physiological process. As this
class of medications shares the same mechanism of action,
they also share the adverse effects. Endothelin receptor
antagonists (ERA) are potent teratogens and thus all female
patients of childbearing age are typically enrolled in risk
evaluation and mitigation strategy programs.1 ERAs are also
known to cause fluid retention which could be a major
barrier to their utilization in patients with tenuous fluid
status.

Bosentanwas thefirst to be developed of the ERA class and
has been available since 2001.48 It is nonselective and thus
binds to both subtypes of the ET receptor. Multiple studies
have been done to evaluate the efficacy of bosentan.49 The
earliest was Channick et al who demonstrated in an RCT
referred to as Study 351 that bosentan improved hemody-
namics, exercise capacity, time to clinical worsening, and
Borg dyspnea score.50 The study, however, was very small
and subsequent studies, the largest being BREATHE-1,

showed mostly similar findings.49,51 These studies include
BREATHE-2, Breathe-5, and EARLY.52–54 The most recent
study is COMPASS-2; a large long term trial that compared
bosentan with sildenafil to sildenafil alone, and it failed to
show benefits with the exception of improved 6MWT dis-
tance.55 A common finding in almost all the trials involving
bosentan noted an elevation in hepatic aminotransferases to
be present in as high as 10% of patients, as a result liver
function monitoring is recommended in these patients. This
effect was noted to be dose dependent and reversible upon
the discontinuation of bosentan.5 Due to this side effect
profile, as well as more recent disappointing long-term
data, bosentan is not recommended to be part of first-line
therapy for newly diagnosed PAH patients.48

Ambrisentanwas the second of the ERAs to be produced. It
is a more selective ERA antagonist, as it only binds ET-A. It is
associated with less hepatotoxicity than bosentan and thus
liver function monitoring is not mandated with treatment
with ambrisentan. It is, however, associated with an
increased incidence of peripheral edema.5 Ambrisentan
was initially introduced in 2005 after a pilot study showed
that treatment with ambrisentan at a dose of up to 10 mg
daily improved 6MWT distance, Borg dyspnea index,
WHO functional class, and hemodynamics in patients with
iPAH or PAH associated with connective tissue disease.56

These findings were confirmed by two larger RCTs, namely
ARIES 1 and 2.57

Macitentan is the most recent of the ERAs. It is non-
selective and acts similarly to bosentan by blocking both ET-
A and ET-B receptors, except it was designed to be more
lipophilic.1 Its use was shown to be efficacious in 2013 in
the SERAPHIN trial which included 742 patients with PAH
and showed that macitentan reduced morbidity, as well as
improved exercise capacity. There was a reported mortality
benefit, but only when combined with hospitalization as a
composite end point. Mortality alone was not significantly
reduced but only showed a trend, though the authors note
that the study was not powered to show such benefit. These
benefits were seen in both treatment-naive patients and
patients with other background treatments, primarily sil-
denafil, but also inhaled prostanoids and CCBs.58 No hepa-
totoxicity was observed; however, anemia was a notable
adverse effect, especially at the higher dose ranges of
macitentan.5

Phosphodiesterase Type 5 Inhibitors
cGMP, a substrate for the enzyme PDE-5, is themain target of
activation of the NO pathway discussed earlier. Inhibition of
phosphodiesterase function prolongs the half-life of cGMP
and as a result potentiates the effects of NO.5 Phosphodies-
terase type 5 inhibitors (PDE-5is) were initially investigated
in erectile dysfunction, but they were noted to have a potent
vasodilatory effect on the pulmonary vasculature and were
later instituted in the treatment of PAH after a series of RCTs
that initially showed benefit with sildenafil.5 All PDE-5is
have similar side effect profile that include flushing, head-
aches, epistaxis, and diarrhea. Since these drugs are potent
vasodilators, they should be used with caution when
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combined with other vasodilating medications such as CCB
and nitrates.20

Sildenafil was the first PDE-5i to be approved and it is
available in both intravenous (IV) and per os formulation. The
first trial to show the benefits of sildenafil was the SUPER-1
trial. While it was a short-term trial, at only 12 weeks, it
showed improvements in 6MWT distance, WHO functional
class, and hemodynamics.59 The current dose is usually
80 mg three times a day (TID), though it is only approved
at 20 mg TID.5 Themaximum tolerated dose has not yet been
investigated.48 Further trials, such as the SUPER-2, showed
similar benefits when extended to longer follow-up peri-
ods.60 Later studies, led by Iversen et al and Pfizer, failed to
show benefits in the 6MWT distance when sildenafil was
studied in combination with bosentan, though the Iverson
study recruited only patients who had developed Eisenmen-
ger syndrome.61

Tadalafil is a long-acting version of sildenafil and can be
administered as a once daily dose. It was first introduced in
2009when the PHIRST trial showed that tadalafil with a dose
of up to 40 mg showed significant improvement in 6MWT
distance, time, and incidence of clinical worsening, and
hemodynamics.62 This initial trial showed similar results
to those shown by sildenafil.48 A follow-up long-term trial
tested the safety and efficacy of tadalafil over a 52-week
period and showed well tolerability and sustained benefit.63

Tadalafil also showed benefit in combination therapy (see
►Table 2).

Vardenafil is most recent iteration of the PDE-5i family
and is currently available in a twice daily formulation.
Despite being shown to be safe and efficacious in a 12-
week RCT, with benefits similar to those of sildenafil, it is
currently not US Food and Drug Administration approved for
the treatment of PH in the United States.64

Guanylate Cyclase Stimulators
sGC, the binding molecule for NO, is the gateway to the NO
pathway for vasodilation.20 Riociguat activates sGC directly,
bypassing the need for NO secretion by endothelial cells and
causing production of cGMP and thus vasodilation.5 Its use
was validated in an RCT of 443 patients named PATENT-1,
where it was shown to improve 6MWT distance, exercise
capacity, time to clinical worsening, and hemodynamics. Up
to 50% of patients enrolled in PATENT-1 were already on
therapy, mostly with an ERA. Analysis of this group of
patients on other therapies showed sustain benefit from
the addition of riociguat.65 The most common side effects
were hypotension and syncope.65 The long-term safety and
whether it provides sustained efficacy is yet to be deter-
mined and is currently being evaluated in PATENT-2.66

Prostacyclin Analogues
Given the importance of prostacyclin and its pathway in the
regulation of pulmonary vasculature tone and prevention of
thrombosis, it was one of thefirst pathways to be targeted for
treatment.5

Epoprostenol was one of the first drugs to be commonly
implicated in patients with severe PAH.20 It can only be

administered as a continuous IV infusion due to its very short
half-life, and to make matters more difficult, it is also only
stable in room temperature for roughly 8 hours.5 The latter,
however, has recently changed with the introduction of a
new formulation of epoprostenol that is more stable at room
temperature.67 It currently remains the only medication
used in PAH that has been shown to improve mortality,
though this was only demonstrated by one RCT by Barst
et al.68 This mortality benefit was confirmed by meta-
analysis of the three available RCTs.69 All three RCTs demon-
strated that epoprostenol improved symptoms, 6MWT dis-
tance, exercise capacity, and hemodynamics. This benefit
was observed in patients with iPAH, as well as patients with
PAH related to CTD, namely scleroderma.68,70,71 Side effects
include flushing, headache, diarrhea, and leg pain. Certain
adverse events are unique to epoprostenol therapy as they
are related to the infusion and delivery system, such as site
infection and sepsis.5 Guidelines have been developed to
minimize infections related to venous access with epopros-
tenol therapy, and the solution has been developed to be
bactericidal in nature.72 Abrupt discontinuation of infusion
of epoprostenol is extremely dangerous as it can lead to
rebound elevation in pulmonary pressure which may lead to
return of symptoms or even death.5 Currently, ERS/ESC
recommends the use of epoprostenol in patients with
WHO functional class III or IV symptoms, especially those
who are failing symptoms.5 Despite the known benefits,
epoprostenol may be underutilized in patients with severe
PAH, possibly due to the presence of other comorbidities
precluding the use of this agent.1

Beraprostwas the first oral prostacyclin analog to become
available.5 It has only been shown to improve exercise
capacity in an RCT in 2003.73 Despite this result being
sustained during long-term follow-up, the lack of effect on
hemodynamics or outcomes has resulted in beraprost being
seldom used.5

Iloprost is available in IV, inhaled, and oral formulations. It
is, however, most commonly utilized in the inhaled formula-
tion. This is due to the fact that the oral route has not been
evaluated in PAH patients, and aside from small observa-
tional studies, there is a lack of data on the use of IV
Iloprost.74 Inhaled iloprost was validated in the AIR study,
where 203 patients were randomized for iloprost versus
placebo and demonstrated to improve symptoms, quality of
life, WHO functional class, and hemodynamics.75 It is gen-
erally well tolerated with the most common side effects
being flushing and jaw pain.5

Treprostinil is a more stable formulation similar to epo-
prostenol with longer half-life and stability at room tem-
perature. It is also available in oral, inhaled, IV, and
subcutaneous forms.5 The subcutaneous formulation was
the first to become available, in the form of a continuous
infusion via a subcutaneous catheter.76 In a 2002 study, it
was shown that a subcutaneous infusion of treprostinil in
patients with PAH led to modest, but statistically significant
improvements in 6MWT distance, symptoms, and hemody-
namics. Side effects were flushing, headaches, and most
importantly local site pain, which caused up to 8% of patients
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to withdraw from the study.76 It is thought that the modest
improvements were due to the use of lower than average
doses limited by infusion site pain; however, new strategies
have been implemented that allow for use of higher dose
ranges with good tolerance.76,77

The IV formulation was developed next, thought to be an
alternative to the more painful subcutaneous infusion
approach, but an RCT designed to study the drug was
prematurely terminated due to safety concerns.78 The data
that was collected, however, showed promising result with
improvement in symptoms, 6MWT distance, andWHO func-
tional class.78 Observational studies in the following years
have shown that IV Treprostinil is relatively well tolerated.5

Due to higher riskof infection related to IVadministration, an
implantable pump is being investigated for treprostinil
delivery, which would decrease the risk.1

The inhaled formulationwas introduced in 2010when the
TRIUMPH trial showed that adding inhaled treprostinil to
therapy with either bosentan or sildenafil led to significant
improvement in 6MWTdistance and quality of life, but failed
to change WHO functional class or time to clinical
worsening.79

Oral treprostinil was the last to be introduced.When used
in patients without other therapy, it led to only modest
improvement in 6MWT distance.80 However, when used in
patients with background therapy with either bosentan or
sildenafil, it failed to generate any significant results.81,82

Prostacyclin Receptor Agonists
Selexipag is a recent addition to the therapeutic options for
PAH. It acts on the prostacyclin pathway by binding and
activating the prostacyclin receptor directly.While similar to
prostacyclin analogue in function, selexipag is pharmacolo-
gically distinct.5 In GRIPHON, the use of selexipag was
investigated in patients receiving therapy with single or
multiple agents showed improvement in combined mortal-
ity and morbidity end point by up to 40%. This benefit was
most significant when defined by clinical worsening or
hospitalization, as mortality alone did not show significant
improvements.83 It also improved 6MWT distance. The main
side effects were similar to other drugs in this class and
included headache, nausea, diarrhea, and jaw pain.83

Combination Therapy
In the treatment of PAH, there are many drugs available to
choose from and tailor for each particular patient’s needs. It
is common, however, that patients will not respond to
monotherapy. Patients often need a combination of two or
more treatment agents. Combination therapy is easily
achieved given the separate signaling pathways affecting
the pathophysiology of PH. Clinical outcome and 6MWT
distance were noted to improve in a 2010 meta-analysis
evaluating escalation to combination therapy after subopti-
mal response to monotherapy. A trend toward a mortality
benefit was also noted, but the study was not powered to
detect a statistically significant result.84

Combination therapy may be instituted as the initial
regimen, or medications can be added in sequence to achieve

the needed clinical response. Sequential escalation of ther-
apy is the most common, however, in both daily practice and
RCTs.5 The BREATHE-2 trialwas thefirst of its kind to attempt
to combine treatments on initial enrolment, andwhile it was
a negative study, it set the stage for the following trials.52 The
AMBITION trial was the most promising as it showed that an
initial combination of ambrisentan and tadalafil was better
than either agent alone. The combination of the twomedica-
tion reduced the occurrence of clinical failure by 50% greater
than monotherapy.85 Recent trials have also included rising
numbers of patients with existing background therapy. Up to
80% of patients in the GRIPHON trial with selexipag had
existing background therapy. Same pattern is seen with 50%
of patients in PATENT-1 with riociguat and 64% in the
SERAPHIN trial with macitentan, thus adding to the body
of evidence for efficacy and safety of combination ther-
apy.58,65,83 TRITON is a large trial comparing double versus
triple combination therapy as initial therapy and is currently
underway. This trial will shed light on the importance of
combination therapy as an initial strategy.86 ►Table 2 sum-
marizes the current body of evidence for the use of combina-
tion therapy.

The ESC/ERS guidelines from 2015 currently provide the
most standard accepted guidelines for the management of
patients with combination therapy. This includes both treat-
ment-naive patients and patients on existing background
therapy. The treatment guidelines are based on patient’s risk
class at the time of the assessment. Sequential therapy is
recommended based on a stepwise, goal-directed therapy
that calls for escalation of therapy if clinical goals are not
met.5 These guidelineswere updatedwith recommendations
from the Cologne consensus conference by Hoeper et al.
These updated guidelines recommendmore aggressive treat-
ment plans that include upfront treatment with double and
even triple regimens48 (►Table 2).

Novel Medications and Targets
There are a wide variety of biologic targets and novel
therapies which are being investigated as treatments for
PAH. Cellular mechanisms being researched currently are
aimed at treating PAH through targeting various vasoactive
peptides, inhibition of cell proliferation, induction of apop-
tosis, and mitochondrial modulation of angiogenesis.87

There is also an effort to identify genes that may play a
role in pathogenic pulmonary artery smooth muscle cell
(PASMC) proliferation and creating therapies that are tar-
geted directly to these genes.90 There are also newer med-
ications from the alreadywell-described PDE-5i class that are
being investigated for use in PAH.

Recent attention has been paid to inhibitors of Rho-
kinase, tyrosine kinase, elastase, survivin, and HMG-COA
reductase that have been shown to reverse PH in rodent
models by inhibition of cell proliferation and apoptosis.87

Mitochondrial permeability transition pore (MPTP) is a
protein that when activated results in termination of mito-
chondrial function and triggers cell death.88 MPTP has been
thought to play a role in PAH both in vivo and in vitro and
thus it has been proposed that targeted activation of MPTP
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Table 2 Summary of clinical trial for combination therapy in PAH

Randomized, controlled short-term studies

Study N design key results

PACES87 267 Sildenafil in patients previously treated
with epoprostenol

Significant improvement in 6MWT distance,
hemodynamics, and time to clinical
worsening

STEP88 37 Inhaled iloprost in patients previously
treated with bosentan

Trend toward increase in 6MWT distance,
but significant improvement in WHO-FC and
clinical deterioration

COMBI89 40 Inhaled iloprost in patients previously
treated with bosentan

Study prematurely ended after interim
analysis; no clinical improvement observed.

TRIUMPH80 255 Inhaled iloprost in patients previously
treated with bosentan

Significant improvement in 6MWT distance,
but no improvement in WHO-FC or time to
clinical worsening.

FREEDOM-C82 350 Oral treprostinil in addition to ERAs and/
or PDE-5 inhibitors

No significant improvement in 6MWT
distance, WHO-FC, or time to clinical
deterioration

FREEDOM-C283 310 Oral treprostinil in addition to ERAs and/
or PDE-5 inhibitors

No significant improvement in 6MWT
distance, WHO-FC, or time to clinical
deterioration

PHIRST63 216 Subgroup analysis of patients who were
given tadalafil þ bosentan

No significant improvement in 6MWT
distance. No improvement in WHO-FC or
time to clinical deterioration in patients
previously treated with bosentan

IMPRES90 202 Imatinib in addition to dual or triple
combination therapy

Significant improvement in 6MWT distance,
PVR and NT-proBNPNo effect on time to
clinical worsening. High dropout rate
because of adverse effectsUnexpectedly
high rate of subdural hematoma

PATENT66 222 Riociguat in addition to ERAs and/or
prostacyclin analogues

Significant improvement in 6MWT distance
and PVR in previously
treated patients

PATENT-plus91 18 Riociguat in addition to sildenafil No change in systolic blood pressure
(primary end point), no efficacy signals,
increased hypotensive episodes in the
extension phase of the study

Event-driven randomized, controlled studies

Study N design key results

COMPASS-256 334 Bosentan in addition to sildenafil • No significant improvement in progression-
free survival (primary end point)

• Significant improvement in 6MWT distance
and NT-proBNP after 16 weeks

SERAPHIN59 471 Macitentan in previously treated patients
(predominantly with PDE-5 inhibitors)

• Significant improvement in progression-
free survival (HR 0.62; p ¼ 0.009)

• Significant improvement in 6MWT dis-
tance, WHO-FC and PVR after 6 months

AMBITION86 500 Initial combination therapy with ambri-
sentan and tadalafil versus monotherapy
with one of these substances

• 50% risk reduction in time to therapy
failure with initial combination therapy

• Significant improvement in 6MWT
distance and NT-proBNP after 6 months

GRIPHON84 925 Selexipag in addition to ERAs and/or PDE-
5 inhibitors

• 40% reduction in risk for disease
progression, almost independently of
pre-existing therapy

• No improvement in WHO-FC

Abbreviations: 6MWT, 6-minute walking test; ERA, endothelin receptor antagonist; NT-proBNP, N-terminal pro-brain natriuretic peptide; PDE-5,
phosphodiesterase type 5; PVR, pulmonary vascular resistance; WHO-FC, World Health Organization functional class.
Adapted with permission from Hoeper MM et al, Targeted therapy of pulmonary arterial hypertension, Int J cardiol, 2018.49
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may have a role in PAH therapy; however, much of this
research has been done in animal models and needs further
investigation.87

It is thought that the characteristics of PASMCs in patients
with PAH (PAH-PASMCs) have a unique profile when com-
pared with healthy controls.89 Activation of Rho-kinase
appears to have many downstream effects on the develop-
ment of PAH through its role in activation of AMP-activated
protein kinase (AMPK), or secretion cyclophilin A (CyPA)
from vascular smooth muscle cells.90,91 The basigin (Bsg)
extracellular CyPA receptor plays a role in endothelial activa-
tion of Rho-Kinase through disruption of NOmetabolism.92A
novel pathogenic protein called selenoprotein P (SeP) is
thought to play a role in the development PAH through a
variety of mechanisms including causing mitochondrial
dysfunction, inhibiting apoptosis, and through its negative
effect on antioxidative stress signaling.90 Thus, Rho-kinase,
AMPK, CyPA, Bsg, and SeP are all currently being investigated
as potential targets of therapy for PAH.

Udenafil is a PDE-5i that has been evaluated previously for
the use in the treatment of congestive heart failure with
reduced ejection fraction, erectile dysfunction, and portal
hypertension.93 A recent phase IIa study published in the
Korean Circulation Journal has demonstrated that udenafil
had favorable effects on hemodynamics in patientswith PAH.
Udenafil was found to have an effect on hemodynamics that
lasted around 4 hours, which is longer than other medica-
tions in the same group, and this study also noted a relatively
low number of adverse events with the 50mg dose of the
medication.93 Larger studies are required to further evaluate
the role of Udenafil in PAH.

Conclusion

There has been a rapid growth of our ability to diagnose,
manage, and better understand PH in the recent years. Many
diagnostic modalities are available for both diagnosis and
follow-up, as well as early detection of deterioration. Man-
agement options are ever expanding and several pathways
have been explored and exploited for the treatment options.
The use of these medications is supported by many long-
term trials, though some of the evidence is heterogenous and
sometimes inconclusive. Combination therapy is now the
standard of care with many trials supporting the safety and
efficacyofmultiple agents. Ongoing research is on the cusp of
unlocking more pathways and therapeutic option, as well
further validating the use of existing therapy as either
monotherapy or combination therapy.
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