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IMPORTANCE Pulmonary arterial hypertension (PAH) is a subtype of pulmonary hypertension (PH),
characterized by pulmonary arterial remodeling. The prevalence of PAH is approximately 10.6 cases
per 1million adults in the US. Untreated, PAH progresses to right heart failure and death.

OBSERVATIONS Pulmonary hypertension is defined by a mean pulmonary artery pressure
greater than 20 mm Hg and is classified into 5 clinical groups based on etiology, pathophysiology.
and treatment. Pulmonary arterial hypertension is 1of the 5 groups of PH and is
hemodynamically defined by right heart catheterization demonstrating a mean pulmonary
artery pressure greater than 20 mm Hg, a pulmonary artery wedge pressure of 15 mm Hg

or lower, and a pulmonary vascular resistance of 3 Wood units or greater. Pulmonary arterial
hypertension is further divided into subgroups based on underlying etiology, consisting of
idiopathic PAH, heritable PAH, drug- and toxin-associated PAH, pulmonary veno-occlusive
disease, PAH in long-term responders to calcium channel blockers, and persistent PH of the
newborn, as well as PAH associated with other medical conditions including connective tissue
disease, HIV, and congenital heart disease. Early presenting symptoms are nonspecific and
typically consist of dyspnea on exertion and fatigue. Currently approved therapy for PAH consists
of drugs that enhance the nitric oxide-cyclic guanosine monophosphate biological pathway
(sildenafil, tadalafil, or riociguat), prostacyclin pathway agonists (epoprostenol or treprostinil),
and endothelin pathway antagonists (bosentan and ambrisentan). With these PAH-specific
therapies, 5-year survival has improved from 34% in 1991 to more than 60% in 2015. Current
treatment consists of combination drug therapy that targets more than 1biological pathway,
such as the nitric oxide-cyclic guanosine monophosphate and endothelin pathways

(eg, ambrisentan and tadalafil), and has shown demonstrable improvement in morbidity and
mortality compared with the previous conventional single-pathway targeted monotherapy.

CONCLUSIONS AND RELEVANCE Pulmonary arterial hypertension affects an estimated 10.6 per
1million adults in the US and, without treatment, typically progresses to right heart failure
and death. First-line therapy with drug combinations that target multiple biological pathways
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are associated with improved survival.
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ulmonary arterial hypertension (PAH) is a life-threatening dis-

order characterized by elevated pressure in the pulmonary ar-

teries due toincreased pulmonary vascular resistance.' Symp-
toms of PAH are nonspecific but commonly include dyspnea on
exertion and fatigue.? The estimated prevalence of PAH is 10.6 per 1
million adults in the US. Untreated, PAH typically progresses to right
ventricular failure and death.3 Treatment has significantly improved out-
comes in the last decade.* The diagnosis should be considered in any
patient presenting with unexplained exertional dyspnea. This Review
summarizes current evidence regarding diagnosis and treatment of PAH.

Methods

PubMed was searched for English-language articles from 1985
through December 30, 2021, using search terms for pulmonary
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arterial hypertension. Articles were selected for inclusion based on
relevance to current clinical practice. Randomized clinical trials, large
longitudinal observational studies, and more recent articles were pri-
oritized. Bibliographies of retrieved articles were searched for other
relevant articles. Of the articles identified, 99 were included, con-
sisting of 23 randomized clinical trials, 3 meta-analyses and system-
aticreviews, 36 observational studies, 16 registry-based studies, and
21 clinical practice guidelines or other reports.

|
Definition and Classification
of Pulmonary Hypertension

The clinical classification of pulmonary hypertension (PH), of which
PAH is a subtype, is important for understanding the approach to
both diagnosis and treatment of PAH. Pulmonary hypertension is
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Figure 1. Classification of Pulmonary Hypertension and Pathophysiology of Pulmonary Arterial Hypertension

m Classification of pulmonary hypertension (PH)

1 - Pulmonary arterial hypertension (PAH)
1.1 Idiopathic 2.1 Heart failure with preserved LVEF 4.1 Chronic thromboembolic PH

1.2 Heritable 2.2 Heart failure with reduced LVEF 4.2 Other pulmonary artery obstructions

1.3 Drug- and toxin-induced 2.3 Valvular heart disease 5 - PH with unclear and/o

1.4 Associated with other conditions: 2.4 Congenital or acquired cardiovascular conditions - U i

mutifactorial mechanisms

connective tissue disease, HIV infection, portal
hypertension, congenital heart disease, schistosomiasis
1.5 Long-term responders to calcium channel blockers
1.6 With overt features of venous/capillary involvement
(eg, pulmonary veno-occlusive disease)

PULMONARY CIRCULATION

Precapillary PH due to increased resistance
to pulmonary arterial blood flow proximal
to pulmonary capillaries

" PAP>20mmHg PAWP<15mmHg PVR=23WU
Always present in PAH, may be present in other groups

2 - PH due to left heart disease

leading to postcapillary PH

3 - PH due to lung disease and/or hypoxia

3.1 Obstructive lung disease

3.2 Restrictive lung disease

1.7 Persistent PH of the newborn 3.3 Other lung disease with restrictive/obstructive pattern 5.4
(eg, combined pulmonary fibrosis and emphysema)

3.4 Hypoxia without lung disease (eg, obesity-hypoventilation)

Precapillary and postcapillary PH 3.5 Developmental lung disease

Capillaries

4 - PH due to pulmonary artery obstructions

5.1 Hematological disorders (eg, sickle cell disease)

5.2 Systemic disorders (eg, sarcoidosis) and
metabolic disorders (eg, Gaucher disease)

5.3 Others (eg, fibrosing mediastinitis)

Complex congenital heart disease

Pulmonary venules and veins

Postcapillary PH due to increased pressure
or resistance to blood flow distal to pulmonary
capillaries (commonly due to left heart disease)

PAP>20mmHg PAWP>15mmHg PVR 23 WU
Always present in PH group 2

Pathophysiology of PAH

Healthy small pulmonary arteries and artékiqles

Endothelial
Blood flow hyperplasia
under normal
vascular resistance

Smooth muscle
hypertrophy

Small pulmonary arteries and arterioles in PAH
Remodeling and thickening of arterial walls along with vasoconstriction cause
vessel lumen narrowing, increased resistance to blood flow, and decreased vessel
compliance leading to increased pulmonary arterial pressure.

Elastic lamina
deterioration

separated by fibrous tissue and are characteristic of severe PAH.

LVEF indicates left ventricular ejection fraction; PAP, pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; WU, Wood units.

currently defined by amean pulmonary artery pressure greater than
20 mm Hg on supine right heart catheterization at rest.> This defi-
nition differs from the previous threshold of 25 mm Hg or greater
in recognition that patients with a mean pulmonary artery pres-
sure of 21mm Hg to 24 mm Hg are at increased risk of mortality and
hospitalization compared with those with a mean pulmonary ar-
tery pressure of 20 mm Hg or lower.®

Pulmonary hypertension is classified into 5 groups (Figure 1A).
Group 1PH (PAH) is defined as a mean pulmonary artery pressure
greater than 20 mm Hg, pulmonary artery wedge pressure of
15 mm Hg or lower, and pulmonary vascular resistance of 3 Wood
units or greater.®> Group 2 is PH associated with left heart disease.
Group 3 is PH associated with lung disease such as chronic obstruc-
tive pulmonary disease or idiopathic pulmonary fibrosis and/or hy-
poxemia. Group 4 disease is PH due to pulmonary artery obstruc-
tion, typically chronic thromboembolic disease. Group 5 is PH
associated with an unclear cause or multifactorial causes. Thus, all
PAH, the subject of this Review, is also classified as PH, whereas only
Group 1PH is considered PAH.>’

JAMA April12,2022 Volume 327, Number 14

Pathophysiology of PAH

Distinguishing between PH due to prepulmonary vs postpulmo-
nary capillary vascular abnormalities is essential to understanding
the pathophysiology of PAH (Figure 1B). Pulmonary hypertension
is defined by elevation of the pressure within the pulmonary arter-
ies. Normally, cardiac output from the right ventricle flows through
the pulmonary arteries and arterioles, pulmonary capillaries, pul-
monary venules, and veins, eventually reaching the left atrium. Pre-
capillary PH exists when the elevation in pulmonary artery pres-
sureis duetoincreased resistance in the pulmonary arteries proximal
to the pulmonary capillaries, and is always present in PAH.

The pathophysiologic mechanisms of PAH remain unclear.>8°
Vascular pathology consists of arterial medial and intimal remodel-
ing, plexiform lesions, and fragmentation of the elastic lamina
(Figure1C).8° Vascular remodeling, defined as thickening of the vas-
cular wall via hypertrophy or hyperplasia, primarily contributes to
increased pulmonary vascular resistance and, subsequently, an in-

jama.com

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ by a World Health Organization User on 05/20/2023



http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2022.4402

Diagnosis and Treatment of Pulmonary Arterial Hypertension

crease in mean pulmonary artery pressure. Vasoconstriction is an
important component of PAH; however, whether it is an inciting
event or a complication of pulmonary vascular remodeling is
uncertain.® Eventually, the small precapillary arteries and arteri-
oles are obliterated, leading to anisolated reduction in diffusing ca-
pacity for carbon monoxide (DLCO) in patients with PAH.'® Effec-
tive treatments ideally target remodeling of pulmonary arteries as
well as vasoconstriction. Initially, the right ventricle compensates for
increased afterload by increasing contractility and wall thickness.
Eventually, the right ventricle dilates and fails, resulting in death due
to right heart failure if left untreated.”

. |
Prevalence of PAH and Patient Characteristics

Pulmonary arterial hypertension is uncommon. A French registry
(n = 674; 2002-2003) reported an incidence of about 2.4 cases per
1 million per year and a prevalence of 15 cases per 1 million adults.'
The US-based REVEAL registry (n = 2525; 2006-2007), a multi-
center prospective cohort study involving 54 centers, reported an
incidence of 2.0 cases per 1 million per year and a prevalence
0f 10.6 cases per 1 million adults.’

Patient characteristics vary by registry. In contrast to findings
from a National Institutes of Health registry initiated in 1981
(n =187)," the REVEAL registry (n = 2525; 2006-2007) reported
that patients with PAH were older (aged 50.1[SD, 14.4] years vs 35
[SD, 15] years at diagnosis) and had a greater predominance among
women (ratio of female to male patients, 4.07:1vs 1.7:1)."** It is un-
certain whether these differences represent temporal changes in
characteristics of people with PAH or are related to increased
awareness.' Prior to the development of PAH-specific therapy,
5-year survival after diagnosis was 34% (n = 187).3 More recent data
reported 1-year survival rates of approximately 61% (REVEAL reg-
istry; n = 2749; 2006-2009) and 64% (French registry; n = 1611;
2006-2018).”>'®

Subgroups of PAH

Pulmonary arterial hypertension is further categorized into sub-
groups based on pathophysiology, etiology, and response to treat-
ment.

Idiopathic PAH (Group 1.1)

Previously referred to as primary PH, idiopathic PAH meets the he-
modynamic criteria for PAH but is not associated with another dis-
ease process, such as collagen vascular disease or liver disease. The
REVEAL registry and French registry reported that 46% of 2525 pa-
tients with PAH and 39% of 674 patients with PAH had idiopathic
PAH, respectively.'™

Heritable PAH (Group 1.2)

Heritable PAH (or familial PAH) affects approximately 6% to 10% of
people with PAH." Variants in the bone morphogenetic protein
receptor 2 gene (BMPR2) account for nearly 75% of heritable PAH
and are associated with an autosomal dominant/incomplete pen-
etrance pattern of inheritance.'® When genotyping is performed,
BMPR?2 variants are present in approximately 25% of patients ini-

jama.com

Review Clinical Review & Education

tially diagnosed with idiopathic PAH, underscoring the need for
genetic counseling for patients who have either heritable or idio-
pathic PAH.' Currently, approximately 15 additional variants have
been identified in people with heritable PAH,' including variants
present in hereditary hemorrhagic telangiectasia.?° Compared with
nonheritable idiopathic PAH, heritable PAH due to BMPR2 variants
typically presents earlier (age 37 years vs age 46 years), has more
severe hemodynamic characteristics at diagnosis, and has a poorer
response rate to therapy.?'%?

Drug- and Toxin-Induced PAH (Group 1.3)
Pulmonary arterial hypertension is associated with specific drug
and toxin exposures, such as methamphetamine, dasatinib, or
fenfluramine.® A study of patients hospitalized from 2003 to
2015 reported that the incidence of likely PAH-related hospitaliza-
tion per International Classification of Diseases coding was more
than twice as high in users vs nonusers of methamphetamine
(984.6 cases per 1 million [meth]amphetamine users compared
with 373.2 cases per 1 million in non-[meth]amphetamine users;
relative risk [RR], 2.64; 95% Cl, 2.18-3.2; P < .001).23In 90
patients with methamphetamine-associated PAH and 97 patients
with idiopathic PAH, those with methamphetamine-associated
PAH had more severe clinical disease and rapid progression of
PAH compared with those with idiopathic PAH (5-year and
10-year event-free survival rates of 47.2% and 25% vs 64.5% and
45.7%, respectively).?

Dasatinib, a targeted cancer therapy tyrosine kinase inhibitor,
is associated with development of PAH. In a French registry of 2900
patients receiving dasatinib, 9 patients developed PH (mean length
of treatment prior to diagnosis, 31 months; range, 8-48 months), and
4 additional cases of dasatinib-associated PH were reported to
French regulatory agencies; therefore, the lowest estimate of PHin
patients with a history of dasatinib use was 0.45%, compared with
10 to 15 cases per 1 million in a population that was not associated
with use of dasatinib.?* Dasatinib-associated PAH typically re-
solves with discontinuation of the drug.>2® In a pharmaceutical vigi-
lance database, 34 of 36 patients with dasatinib-associated PAH had
improvement or resolution of their symptoms with discontinua-
tion of the drug.?’

Associated PAH (Group 1.4)

Connective Tissue Disease-Associated PAH (Group 1.4.1)
Connective tissue disease-associated PAH affects 15% to 25% of
people with PAH, most commonly patients with scleroderma,
although it also occurs with systemic lupus erythematosus,
mixed connective tissue disease, rheumatoid arthritis, and
Sjdgren syndrome."'* The prevalence of PAH in patients with
scleroderma is 8% to 14%.242® Patients with scleroderma-
associated PAH have a worse prognosis compared with other
forms of connective tissue disease-associated PAH and have a
higher prevalence of pericardial effusions, shorter 6-minute walk
distance, and worse DLCO compared with people with idiopathic
PAH.2° Patients with scleroderma who have PAH have a higher
rate of mortality than those without PAH (3-year survival, 94% vs
56%; n = 546).3° Annual echocardiogram screening is recom-
mended by the World Symposium on Pulmonary Hypertension
for patients with scleroderma to facilitate early diagnosis and
treatment of PAH.?39-3" However, no clinical trials have shown
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that annual echocardiogram screening improves outcomes. A
cross-sectional international study of 466 patients with sclero-
derma at high risk of PAH found that 87 of 466 patients (19%)
had PAH confirmed by right heart catheterization.>?

HIV-Associated PAH (Group 1.4.2)

Pulmonary arterial hypertension is a potential complication of HIV
infection. In 7658 patients with HIV infection, the prevalence of
PAH was 0.46% (95% Cl, 0.32%-0.64%), compared with 10 to 15
cases per 1 million in a population that was not HIV positive.>*
Echocardiographic assessment is recommended by the World Sym-
posium on Pulmonary Hypertension in all patients with HIV infec-
tion with unexplained dyspnea or in patients with asymptomatic
HIV infection who have additional risk factors such as female sex,
intravenous drug or cocaine use, or hepatitis C infection.2 However,
this approach has not been shown to improve outcomes in patients
with HIV.

Portal Hypertension-Associated PAH (Group 1.4.3)
Portopulmonary hypertension, defined as PAH in association with
portal hypertension, can develop in patients with portal hyper-
tension due to cirrhosis, periportal fibrosis without cirrhosis, por-
tal vein thrombosis, hepatic vein sclerosis, and congenital portal
circulation abnormalities. Survival is worse with portopulmonary
hypertension when cirrhosis is present.3# In a prospective study
of 1235 patients evaluated for liver transplant, PAH was diag-
nosed in 5%.3° The pathophysiologic connection between portal
hypertension and PAH is unclear. It is hypothesized that the dys-
functional liver and portosystemic shunts expose the pulmonary
vascular bed to factors that may adversely affect it via abnormal
estrogen signaling in genetically susceptible individuals.>®” Prac-
tice guidelines recommend obtaining an echocardiogram in all
patients with portal hypertension to assess for PH, although this
approach has not been shown to improve clinical outcomes.? The
American Society of Transplantation recommends screening for
portopulmonary hypertension with echocardiogram as part of a
comprehensive evaluation prior to liver transplant.>>>8 Portopul-
monary hypertension may improve or resolve following liver
transplant. In a 10-year follow-up study of patients with portopul-
monary hypertension who underwent liver transplant (n = 27),
45% had resolution of PH while 55% required ongoing pulmonary
vasodilator therapy.3®

Congenital Heart Disease-Associated PAH (Group 1.4.4)

Congenital heart disease-associated PAH consists of a diverse
spectrum of pathophysiology and includes 4 subgroups:
Eisenmenger syndrome, PAH associated with systemic-to-
pulmonary shunts, PAH with small/coincidental cardiac defects
(such as small atrial septal defects or ventricular septal defects),
and PAH after cardiac defect closure.*° In 192 patients with con-
genital heart disease-associated PAH, 20-year survival rates were
87% for those with Eisenmenger syndrome, 86% for those with
systemic-to-pulmonary shunts, and 36% for those with corrected
abnormalities such as atrial and ventricular septal defects.*' Sur-
vival in patients with Eisenmenger syndrome is better than that of
patients with idiopathic PAH (89% vs 46%) at 10 years, possibly
because of better right ventricular function in patients with
Eisenmenger syndrome.*4?
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Schistosomiasis-Associated PAH (Group 1.4.5)
Schistosomiasis-associated PAH represents the leading cause of PAH
in countries where schistosomiasis is endemic, thus possibly repre-
senting the largest burden of PAH worldwide.**#* Among patients
with severe schistosomal liver disease, approximately 5% to 8% de-
velop schistosomiasis-associated PAH.*® Schistosomiasis-
associated PAH should be considered or suspected in patients with
PAH who are from an endemic area and who have Schistosoma para-
site eggs in stool, a history of treatment for schistosomiasis, or ultra-
sound evidence of hepatosplenic schistosomiasis, such as portal hy-
pertension with portal fibrosis with or without splenomegaly.*+4®

PAH in Long-term Responders to Calcium Channel Blockers
(Group 1.5)

First recognized in 2018, long-term responders to calcium channel
blockers are defined as patients with PAH who demonstrate acute
vasodilation of the pulmonary vasculature in response to inhaled ni-
tric oxide challenge and improvement in New York Heart Associa-
tion function class (to class  or Il) and unchanged or improved hemo-
dynamics at 1year when treated with calcium channel blockers alone.”
Acute vasodilator testing is performed during right heart catheter-
ization, with measurement of hemodynamics typically before and af-
ter inhaled nitric oxide. Testing may alternatively be performed with
inhaled or intravenous epoprostenol, adenosine, or inhaled iloprost.
A positive test result is defined as a decrease in mean pulmonary ar-
tery pressure by 10 mm Hg or greater to less than 40 mm Hg without
a decrease in cardiac output.” In a study of 557 patients with PAH,
12.5% had an acute vasodilator response and 6.8% had a sustained
response with long-term improvement while taking calcium channel
blockers.*” Patients with long-term calcium channel blocker respon-
siveness possess unique molecular signatures in human lung fibro-
blasts enriched for vascular smooth muscle-related genes that dif-
ferentiate them from non-calcium channel blocker-responsive
idiopathic PAH.*8 Survival is better for patients with PAH who are long-
term responders to calcium channel blockers.*#°

PAH With Overt Features of Venous/Capillary Involvement
(Group 1.6)

Pulmonary veno-occlusive disease and pulmonary capillary he-
mangiomatosis account for 5% to 10% of patients initially diag-
nosed as having idiopathic PAH (estimated incidence of 0.1to 0.2
cases per 1 million; prevalence of 1 case per 1 million).*°>° Patients
with pulmonary veno-occlusive disease or pulmonary capillary
hemangiomatosis present with severe reductions in DLCO, severe
hypoxemia, and typical imaging findings including diffuse septal
thickening, centrilobular ground-glass opacities, and mediastinal
lymphadenopathy.®' The distinction between pulmonary veno-
occlusive disease and pulmonary capillary hemangiomatosis has
been questioned since both have features of a pan-pulmonary
vasculopathy with prominent septal vein/venule involvement and
capillary congestion/proliferation with varying degrees of small
arteriolar involvement.>° Unlike idiopathic PAH, both entities have
significant involvement of small vessels distal to the pulmonary
arterioles, which makes treatment with pulmonary vasodilators
dangerous due to the risk of precipitating pulmonary edema.>2
Heritable forms of pulmonary veno-occlusive disease and pulmo-
nary capillary hemangiomatosis have been reported in association
with EIF2AK4 and BMPR2 variants.>">3
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Figure 2. Diagnosis and Medical Management of Pulmonary Arterial Hypertension

Patient presents with unexplained exertional dyspnea

Initial testing to confirm diagnosis and classify the cause of pulmonary hypertension (PH)
« History and physical examination, complete blood count, chest x-ray, and electrocardiogram are performed to rule out other causes of dyspnea
« Additional testing may include pulmonary function testing, cardiac echocardiography, and assessment for myocardial ischemia
« Chronic thromboembolic pulmonary hypertension must be excluded before pulmonary arterial hypertension (PAH) diagnosis is definite

!

‘ Confirmation of PAH diagnosis and assessment of disease severity with right heart catheterization

Y

!

Patients with idiopathic, hereditary, or drug-induced PAH

Perform acute vasoreactivity test to evaluate pulmonary artery
response to a pulmonary artery vasodilator (such as nitric oxide)

= Positive reactivity is defined as a decrease in mean pulmonary arterial
pressure by at least 10 mm Hg to below an absolute value of 40 mm Hg

J

L POSITIVE NEGATIVE J

' !

Patients with other subtypes of PAH

Consider calcium

‘ Assess patient risk level for clinical worsening or death in order to guide initial therapy

channel blocker

therapy trial LOW RISK?

INTERMEDIATE RISK?2

HIGH RISK?

« 1-year mortality <5%
« No clinical signs of right
ventricular (RV) dysfunction

« 1-year mortality 5% -10%

« Clinical signs of moderately impaired
exercise capacity and RV dysfunction

 1-year mortality >10%

« Clinical signs of severe RV dysfunction, or
RV failure and secondary organ dysfunction

Begin initial oral combination therapy?

Consider monotherapy¢ with an endothelin receptor antagonist
(eg, ambrisentan), phosphodiesterase 5 inhibitor (eg, tadalafil), guanylate
cyclase stimulator (riociguat), or oral prostacyclin analogue (selexipag)

|

Begin initial combination therapy that
includes an intravenous prostacyclin

analogue (eg, treprostinil)

L LOW RISK

) {

INTERMEDIATE or HIGH RISK J

|

Continue current therapy regimen

|

Escalate to double or triple combination therapy
(addition of prostacyclin analogue recommended if not part of initial therapy)

Consider referral for lung transplant if there
is persistent right ventricular dysfunction

2 Risk assessment as defined in Galié et al.*©

® Oral combinations of ambrisentan and tadalafil; macitentan added
sequentially to sildenafil; selexipag added sequentially to phosphodiesterase 5
inhibitors and/or endothelin receptor antagonists; or oral treprostinil added
sequentially to phosphodiesterase 5 inhibitors and/or endothelin receptor

antagonists have been found to be efficacious compared with placebo and/or
monotherapy.

€ Monotherapy can be considered in very low-risk populations or in patients
who have been stable with monotherapy for more than 1to 2 years.

Persistent PH of the Newborn Syndrome (Group 1.7)
Persistent PH of the newborn syndrome occurs when fetal circula-
tion fails to transition from intrauterine circulation to extrauterine
circulation at birth, resultingin persistently elevated pulmonary vas-
cular resistance, low pulmonary blood flow, right-to-left shunting
across the patent ductus arteriosus and patent foramen ovale, and
severe hypoxemia.>* The incidence of persistent PH of the new-
born syndrome is 0.18% (3277 cases per 1781156 live births), with
amortality rate of 7.6% at 1-year follow-up for all newborns with per-
sistent PH of the newborn syndrome.>®
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Clinical Presentation

Symptoms of PAH may be nonspecific and have an insidious onset
(Figure 2). Inthe National Institutes of Health registry of 187 people
with PAH, dyspnea was the first symptom in 60%, although 98%
reported dyspnea at the time of PAH diagnosis. " Fatigue (19%), near
syncope (5%), syncope (8%), and chest pain (7%) also occur
(Box 1)." With advanced disease, these symptoms may occur with
minimal exertion or at rest.
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Box 1. Presenting Symptoms, Signs, and Echocardiogram
Findings in Pulmonary Arterial Hypertension

Common Symptoms
Dyspnea on exertion

Fatigue

Lower extremity edema

Palpitations

Lightheadedness

Syncope

Physical Signs

Loud pulmonic component of second heart sound
Elevated jugular venous pressure

Pulmonary artery tap

Tricuspid regurgitation murmur

Lower extremity edema

Ascites

Echocardiogram Findings

Elevated estimated right ventricular systolic pressure
Right ventricular dilation

Right ventricular dysfunction

Peak tricuspid regurgitant jet >2.8 m/s

Flattening of interventricular septum

Tricuspid annular plane systolic excursion <17 mm

Physical examination findings are subtle in early disease. Of 187
patients, 93% had aloud second heart sound.” Other distinctive find-
ings (right-sided third heart sound, tricuspid regurgitation murmur, in-
creased jugular venous distension, right ventricular heave) occur in
more advanced disease. As right ventricular dysfunction worsens, lower
extremity edema, abdominal distension, and ascites may develop.

Diagnosis is often delayed: 21.1% of patients in the REVEAL reg-
istry (n = 2967) had symptoms for more than 2 years before
diagnosis.>® Younger age (<36 years) and coexistence of common
respiratory disorders such as asthma and obstructive sleep apnea
increase delayed diagnosis.>® Prognosis is associated with disease
severity at presentation. Expert consensus recommends that early
diagnosis and early initiation of therapy may improve survival.*"®
A high degree of clinical suspicion in a patient with unexplained ex-
ertional dyspnea or fatigue is required.

|
Assessment and Diagnosis

Evaluation of patients with possible PH should focus on confirming
the diagnosis, classifying the cause of PH, and ascertaining severity
(Box 2). If athorough history, physical examination, complete blood
count, chest x-ray, and electrocardiogram do not explain dyspnea,
recommended testing may include pulmonary function tests, car-
diacechocardiography, and assessment for myocardial ischemia, de-
pending on a patient's history and risk factors.?>” Chronic throm-
boembolic PH, defined by progressive pulmonary artery vascular
remodeling leading to PH as a consequence of pulmonary embo-
lism, must be excluded before PAH can be diagnosed.>4°

JAMA April12,2022 Volume 327, Number 14

Box 2. Commonly Asked Questions in Pulmonary Arterial
Hypertension

Can Pulmonary Arterial Hypertension Be Diagnosed With

an Echocardiogram?

No. An echocardiogram is an excellent first test; however,
diagnosis of pulmonary arterial hypertension requires a right heart
catheterization to accurately assess hemodynamic status and
eliminate left heart disease as a contributor to elevated pulmonary
artery pressure.

How Dangerous Is a Right Heart Catheterization?

When performed at a center with experience in the procedure,
right heart catheterization is associated with a low risk of serious
complications (1.1%) or death (0.055%), even for patients with
significant right ventricular dysfunction.

What Is the Initial Laboratory Evaluation of Pulmonary
Hypertension?

Initial tests should include complete blood count, basic metabolic
panel, thyrotropin, B-type natriuretic peptide or N-terminal
pro-brain natriuretic peptide, antinuclear antibody, and liver
function tests. Additional autoimmune serologic testing, HIV
screening, and hepatitis panel screening can be obtained when
PAH is diagnosed, if indicated.

Electrocardiogram

In 61 patients with PAH, 13% of electrocardiogram findings were
normal.>® Typical abnormalities include right axis deviation (79%),
right ventricular hypertrophy (87%), and right ventricular strain
(74%)." A prospectively validated diagnostic decision tree (n = 251)
found that electrocardiographic variables with the strongest diag-
nostic accuracy for the presence of PAH on right heart catheteriza-
tion were heart rate and right ventricular strain (sensitivity, 79%;
specificity, 60%).>°

Laboratory Testing

Plasma levels of N-terminal pro-brain natriuretic peptide (NT-proBNP)
increase in patients with PAH and right ventricular dysfunction. El-
evated NT-proBNP levels are associated with anincreased risk of death
(n = 2017; hazard ratio, 1.84; 95%Cl,1.62-2.10; P < .001 [absolute rate
data were not included in the published article]).6° Laboratory test-
ing may help diagnose PAH associated with HIV/AIDS (HIV anti-
body), connective tissue disorder (positive antinuclear antibody >1:160
and other associated autoantibodies), or portopulmonary hyperten-
sion (liver function test abnormalities).>*°

Echocardiography

Two meta-analyses (n = 3947 and n = 4386) reported sensitivity and
specificity of echocardiographic assessment for presence of PH of
approximately 85% and 70% to 74%, respectively.®? Echocardi-
ography-based estimates of pressure may be imprecise and may
overestimate or underestimate true values.®>¢# Right heart cath-
eterization should be considered for accurate measurement of pul-
monary artery pressure in the presence of other signs, including in-
creased tricuspid regurgitation velocity and/or signs of right
ventricular pressure/volume overload such as right ventricular en-
largement or dysfunction, flattening of the interventricular sep-
tum, or pulmonary artery enlargement.*® A retrospective study
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(n =1262) reported that the absence of significant tricuspid regur-
gitation on a transthoracic echocardiogram performed within 2 days
of a right heart catheterization had a negative predictive value for
excluding PH of 53%.°° This study was not limited to patients with
suspected PAH, and the negative predictive value of a transtho-
racic echocardiogram for PAH is not known.

Pulmonary Function Testing

Pulmonary vascular disease is characterized by normal spirometry
findings, normal lung volumes, and a low DLCO due to destruction
of the pulmonary vasculature.'® Of 79 consecutive patients with
documented PAH, 78% had alow DLCO.'® In a retrospective study
of 166 patients with PAH, DLCO values less than 45% were associ-
ated with 38% 5-year survival compared with 80% in those with
a DLCO of 45% or greater.®®

Specialty Center Evaluation

Care of patients with PAH is complex. Clinicians should consider re-
ferring patients with possible PH to a PH specialty center.2%” Inaret-
rospective observational study of 580 patients within a 40-
hospital system, after adjustment for age and comorbidities, care
at a specialty center is associated with decreased hospitalizations
(hazard ratio, 0.68; P = .01 [absolute rate data were not included in
the published article]) and increased survival (incidence ratio, 0.54;
P < .001).%” The retrospective design and lack of specific informa-
tion regarding possible referral bias are limitations of this study.

Right Heart Catheterization

Right heart catheterization is required for definitive diagnosis of
PAH and to assess disease severity, which guides treatment
(Box 3).2° When performed at expert centers, the procedure has
a low morbidity (1.1%) and mortality (0.055%) (n = 7218).%8 The
most common serious adverse effects from the procedure consist
of hematoma at puncture site (0.0014%), vagal reactions with bra-
dycardia and hypotension (0.0015%), and supraventricular tachy-
cardia (0.001%).%®

Medical Treatment for PAH

Current therapies for PAH pulmonary vasodilator treatment target
3 pathways: stimulating the nitric oxide-cyclic guanosine mono-
phosphate biological pathway, increasing prostacyclin effects on re-
ceptors, and antagonizing the endothelin pathway (Table 1). Medi-
cal therapy with combinations of pulmonary vasodilators that target
multiple therapeutic pathways were superior to monotherapy-
based regimens for outcomes of survival and time to clinical
worsening.*®°73 Treatment of PAH discussed herein does not ap-
ply to patients with non-Group 1PH, particularly Group 2 and Group
3 disease, for which treatment with pulmonary vasodilators re-
mains controversial.

Phosphodiesterase 5 Inhibitors

Phosphodiesterase 5 inhibitors inhibit phosphodiesterase 5-based
degradation of cyclic guanosine monophosphate, causing vasodila-
tion, particularly in the pulmonary vasculature. In a randomized
clinical trial of 278 patients with PAH, compared with placebo,
sildenafil improved 6-minute walk distance by 45 m to 50 m, World
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Box 3. Right Heart Catheterization Diagnostic Testing
for Pulmonary Arterial Hypertension

« Verify mean pulmonary artery pressure >20 mm Hg.

« Assess cardiac output and right ventricular function.

« Exclude postcapillary disease and confirm pulmonary artery
wedge pressure <15 mm Hg.

« Verify pulmonary vascular resistance >3 Wood units.

« Perform acute vasodilator testing if indicated (idiopathic,
hereditary, and drug- and toxin-induced pulmonary arterial
hypertension) to identify the subset of patients for whom
calcium channel blockers may be effective treatment.

Health Organization (WHO) functional class by at least 1 class in
28% to 42% of patients, and mean pulmonary artery pressure by
2.1 mm Hg to 4.7 mm Hg.”* In a randomized clinical trial of 405
patients, tadalafil improved 6-minute walk distance by 31 m com-
pared with placebo.””

Soluble Guanylate Cyclase Stimulators

Soluble guanylate cyclase stimulators, such as oral riociguat, en-
hance cyclic guanosine monophosphate production, causing vaso-
dilation. Inarandomized clinical trial of 444 patients, compared with
placebo, riociguat improved WHO functional class (21% vs 14%;
P =.003), improved 6-minute walk distance by 30 m (P < .001), and
reduced pulmonary vascular resistance by 223 dyne's-cm™
(P < .001).7® The combination of riociguat and phosphodiesterase
5inhibitors can cause severe hypotension and should be avoided.””

Endothelin Receptor Antagonists

Endothelin 1, a potent endogenous vasoconstrictor, is overex-
pressed in the pulmonary vasculature of patients with PAH. Endo-
thelin receptor antagonists, such as bosentan and ambrisentan, block
the activity of endothelin 1, resulting in vasodilation. In 2 random-
ized clinical trials of 32 and 213 participants, compared with pla-
cebo, bosentan improved 6-minute walk distance by 44 mto 70 m
and WHO functional class in approximately 42% to 43% of
patients.”®”° Ambrisentan (n = 500) improved time to clinical wors-
ening and 6-minute walk distance while macitentan improved time
to clinical worsening, defined as worsening of PAH, initiation of treat-
ment with intravenous or subcutaneous prostanoids, lung trans-
plant, or atrial septostomy.®®”!

Prostacyclins and Prostacyclin Agonists

Prostacyclin, a potent pulmonary artery vasodilator, is endog-
enously produced by endothelial cells. Synthetic prostacyclins
(epoprostenol, treprostinil, and iloprost) also cause vasodilation.
Epoprostenol remains the only pulmonary vasodilator to demon-
strate a mortality benefit in a clinical trial of 82 people randomized
to receive epoprostenol or placebo (mortality rate, 0% vs 5%;
P = .003).8° Treprostinil increases time to clinical worsening and im-
proves symptoms and 6-minute walk distance.”>®' Selexipag is an
oral selective prostacyclin receptor agonist that increases time to
clinical worsening.”®

Monotherapy vs Combination Therapy
Three large randomized trials demonstrated that initial treatment

with combination therapies improved clinical outcomes more than
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Some subgroups of PAH are not well represented in combina-
tion therapy clinical trials (eg, portopulmonary hypertension), and
the efficacy of monotherapy vs combination therapy in these sub-
groups remains unclear.

Initiation of Guideline-Based Therapy
Practice guidelines recommend that patients who have not received
prior therapy for PAH who are at low to intermediate risk of death
by risk assessment and do not meet criteria for vasoreactivity should
start oral combination therapy.*#°°* Oral combinations of ambrisen-
tan and tadalafil, macitentan added sequentially to a phosphodies-
terase 5 inhibitor, selexipag added sequentially to a phosphodiester-
ase 5 inhibitor and/or an endothelin receptor antagonist, or oral
treprostinil added sequentially to a phosphodiesterase 5 inhibitor,
soluble guanylate cyclase stimulator, and/or endothelin receptor an-
tagonist have been found to be efficacious compared with placebo
and/or monotherapy.®7"73 If low-risk status according to a risk cal-
culator is not achieved within 3 to 6 months, the addition of a pros-
tacyclin analogue is recommended.*#°°4 Combination therapy, in-
cluding anintravenous prostacyclin, is recommended for patients ini-
tially classified as high-risk by a risk calculator.*#°°* Monotherapy
can be considered in very low-risk populations or in patients who have
been stable with monotherapy for more than 1to 2 years.*
Progressively titrated high-dose calcium channel blockers are
the treatment of choice for the subset of patients who are candi-
dates for and meet criteria for vasoreactivity, defined as demon-
strating acute vasodilation of the pulmonary vasculature in re-
sponse to inhaled nitric oxide challenge.*#%4° Calcium channel
blockers may cause hypotension and syncope in patients who do not
meet criteria for vasoreactivity.*°

Adjunctive Therapy
Standard diuretics are a mainstay of PAH therapy in patients with
clinical signs of right ventricular failure and volume overload. Aldo-

Review Clinical Review & Education

sterone antagonists such as spironolactone can be initiated for neu-
rohormonal blockade or renin-angiotensin-aldosterone modula-
tion, diuresis, and prevention of hypokalemia.®®

Although no PAH-specific evidence exists regarding the ben-
efit of oxygen therapy, oxygen is recommended when Pao, is con-
sistently less than 60 mm Hg, following guidelines for chronic ob-
structive pulmonary disease.®® Patients may require additional
supplemental oxygen for travel by air or to high altitudes due to the
risk of hypoxemia.

In premenopausal women, birth control counselingis critical be-
cause pregnant patients with PAH are at high risk of right ventricu-
lar failure and death as a result of pregnancy-related changes in car-
diac output and volume.®” Maternal mortality can be 13% t0 16.7%
in patients with PAH who continue pregnancy.®® Estrogen-
containing contraception should be avoided due to the increased
risk of thromboembolism.%®

|
Limitations

This review has several limitations. First, the quality of the evi-
dence is limited by the quality of the published studies on PAH.
Second, it is possible that some relevant articles have been
missed. Third, a formal quality assessment of the included articles
was not performed.

. |
Conclusions

Pulmonary arterial hypertension affects 10.6 per 1 million adults
in the US and without treatment typically progresses to right
heart failure and death. First-line therapy with drug combinations
that target multiple biological pathways are associated with
improved survival.
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