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Afew months ago, we decided, together
with the editorial staff of the Cleveland
Clinic Journal of Medicine, to create a sup-
plement that would summarize recent

advances in the diagnosis and management of patients
with pulmonary arterial hypertension (PAH), with an
emphasis on primary pulmonary hypertension (PPH).
Our aim has been to present the latest information in
an accessible form that will serve as a useful reference
to the physicians who are the first to evaluate
patients with PAH—namely, internists, family prac-
titioners, cardiologists, and pulmonologists. 

In the supplement’s first article, Ghamra and
Dweik provide an elegant and state-of-the-art
overview of the pathogenesis and epidemiology of
PPH. Next, Budev et al profile in the second article
the diagnostic workup for the patient who presents
with symptoms suggestive of pulmonary hyperten-
sion. In the third paper, Gildea et al share an
exhaustive review of the current management of
patients with PAH. Finally, Mughal et al conclude
the supplement with an article summarizing the
roles of the various health care providers involved in
the complicated care of patients with PAH. 

The information presented by this team is of the
highest quality; every suggestion presented in these
papers is backed up by the best evidence available in

the published literature as of the end of 2002. 
I want to thank all the members of the Cleveland

Clinic’s Departments of Pulmonary and Critical
Care Medicine, Cardiovascular Medicine, and
Rheumatic and Immunologic Disease who partici-
pated in the creation of this supplement. I wish to
thank as well my friend Julio Sandoval, MD, for crit-
ically reviewing, on short notice, the four manu-
scripts that became this supplement. Finally, Glenn
Campbell of the Cleveland Clinic Journal of Medicine
staff was of very much help during the development
of this publication.

This supplement would not have been possible
without the economic support of an unrestricted
grant from Actelion Pharmaceuticals. The profes-
sional staff of Actelion did not participate in the
planning of the supplement and were not involved
in the writing of any part of it.

I hope that our effort will translate into the earli-
er diagnosis and better management of patients with
PAH.

ALEJANDRO C. ARROLIGA, MD
Section Head, Critical Care Medicine,
Department of Pulmonary 
and Critical Care Medicine,
The Cleveland Clinic

Foreword

ALEJANDRO C. ARROLIGA, MD, EDITOR

On the cover: Two histopathologic photographs of a single plexogenic pulmonary arteriopathy lesion. Photos courtesy of Carol F. Farver, MD.
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■ ABSTRACT

Pulmonary arterial hypertension (PAH) refers to a
group of diseases characterized by high pulmonary
artery pressure of unknown mechanism. Primary
pulmonary hypertension (PPH) is the idiopathic
subset of PAH that affects a mostly young popula-
tion and is more common in females than in males.
A familial form of PPH accounts for about 6% of
cases, and its autosomal dominant gene was
recently identified. Pulmonary arterial hypertension
is histologically characterized by endothelial and
smooth muscle cell proliferation, medial hypertro-
phy, and thrombosis in situ. The pathogenesis of
PAH remains unclear. Elevated pulmonary vascular
resistance seems to result from an imbalance
between locally produced vasodilators and vaso-
constrictors, in addition to vascular wall remodel-
ing. Nitric oxide, a locally produced selective pul-
monary vasodilator, appears to play a central role
in the pathobiology of PAH.

Better understanding of the pathogenesis of
primary pulmonary hypertension (PPH)
over the last decade has led to new treat-
ments that have changed the course of this

once uniformly fatal condition. This progress is espe-
cially welcome because PPH affects a predominantly
young and productive population. This article
reviews recent advances in our understanding of the
pathogenesis, epidemiology, and genetics of PPH. 

■ DEFINITION AND CLASSIFICATION

Primary pulmonary hypertension is defined by an
elevation in mean pulmonary artery pressure to
greater than 25 mm Hg at rest or greater than 30
mm Hg during exercise in the absence of an identi-
fiable etiology. In 1998 the second World Health
Organization (WHO) conference on pulmonary
hypertension1 classified PPH with other pulmonary
hypertensive conditions under the grouping of pul-
monary arterial hypertension (PAH). Under this so-
called Evian classification (the WHO conference
was held in Evian, France), which was based on sim-
ilarities in clinical features, PAH refers to a vascu-
lopathy of unknown mechanism that involves the
small muscular arteries and arterioles. Pulmonary
arterial hypertension can be associated with known
diseases, such as connective tissue diseases and
human immunodeficiency virus (HIV) infection, in
addition to classic idiopathic PPH (Table 1).

■ HISTOPATHOLOGY

The hypertensive pulmonary arteriopathy seen in
patients with PPH affects the muscular arteries and
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arterioles and probably represents a combination of
injury and repair. Several histopathologic patterns
can be seen, although none is pathognomonic, since
the diagnosis of PPH still relies on the exclusion of
secondary causes.2,3

Plexogenic pulmonary arteriopathy (Figure 1)
is the most common lesion seen in PPH. It is char-
acterized by medial hypertrophy, fibrotic intimal
lesions that may comprise organized thrombi, and
destructive lesions involving the entire arterial wall.
Thrombotic pulmonary arteriopathy is defined by
the presence of organized mural thrombi resulting
from thrombosis in situ in the setting of an intact
arterial wall and a nondilated vessel. These two
lesion types, though distinct histologically, appear
to be the product of the same disease process, since
different members of kindreds with familial PPH
had evidence of both lesions.4

Isolated medial hypertrophy, the third type of
histopathologic lesion in PPH, consists of a pattern
of increased thickness of the medial smooth muscle
wall, duplication of the elastic laminae in muscular
arteries, and muscularization of the arterioles. This
rare pattern may actually precede the formation of
the plexogenic lesions and is thought to be reversible
with treatment.5

■ EPIDEMIOLOGY

A few case series of elevated pulmonary artery pres-
sures in otherwise healthy young people in the 1950s
and 1960s,6,7 along with the epidemic of anorexi-
genic-associated PPH in Europe, led to the first
WHO conference on PPH in 1973. As part of an
ensuing international effort to better understand this
rare condition, the National Heart, Lung, and Blood
Institute’s Division of Lung Disease in 1981 initiated
the national Primary Pulmonary Hypertension
Patient Registry. The registry prospectively enrolled
187 patients from 32 referral centers nationwide
through 1985.8 These patients’ demographic charac-
teristics constitute the best available data to date on
the epidemiology of PPH. 

The mean age of this population was 36.4 years
(± 15 SD; range 1–81). A 1.7:1.0 female-to-male
preponderance was noted. Nearly one tenth of
patients were older than 60 years of age. No racial
predilection was found. 

Subsequent retrospective reports from France,9

Israel,10 and Japan11 found comparable mean ages
among samples of patients with PPH (39.0, 42.8,

and 41.8 years, respectively) and similar female-to-
male ratios, indicating an apparent worldwide
female preponderance. 

No studies on the incidence of PPH have yet
been performed, but the incidence has been esti-
mated at 1 to 2 cases per 1 million inhabitants per
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TABLE 1
The 1998 WHO Evian classification 
of pulmonary hypertension

1. Pulmonary arterial hypertension
1.1 Primary pulmonary hypertension

a. Sporadic
b. Familial

1.2 Related to:
a. Collagen vascular disease
b. Congenital systemic to pulmonary shunts
c. Portal hypertension
d. HIV infection
e. Drugs/toxins (anorexigens or others)
f. Persistent pulmonary hypertension of the newborn
g. Other

2. Pulmonary venous hypertension
2.1 Left-sided atrial or ventricular heart disease
2.2 Left-sided valvular heart disease
2.3 Extrinsic compression of central pulmonary veins

a. Fibrosing mediastinitis
b. Adenopathy/tumors

2.4 Pulmonary veno-occlusive disease
2.5 Other

3. Pulmonary hypertension associated with disorders
of the respiratory system or hypoxemia
3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Sleep-disordered breathing
3.4 Alveolar hypoventilation disorders
3.5 Chronic exposure to high altitude
3.6 Neonatal lung disease
3.7 Alveolar-capillary dysplasia
3.8 Other

4. Pulmonary hypertension due to chronic thrombotic
and/or embolic disease
4.1 Thromboembolic obstruction of proximal 

pulmonary arteries
4.2 Obstruction of distal pulmonary arteries

a. Pulmonary embolism (thrombus, tumor, ova,
parasites, foreign matter)

b. In situ thrombosis
c. Sickle cell disease

5. Pulmonary hypertension due to disorders directly
affecting the pulmonary vasculature
5.1 Inflammatory

a. Schistosomiasis
b. Sarcoidosis
c. Other

5.2 Pulmonary capillary hemangiomatosis

Adapted from reference 1 with permission of the World
Health Organization.
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year.8 Considering the rarity and subtle presentation
of this disease, underdiagnosis and underreporting
are likely widespread, making calculation of a true
incidence difficult. 

Familial PPH
In the national registry for PPH,8 12 (6%) of the
187 enrolled patients had a first-degree relative
affected by the same disease process. Familial PPH
appears to be inherited as an autosomal dominant
trait with a variable but low gene penetrance, with
some individuals inheriting the trait without
exhibiting the phenotype.12 Genetic anticipation
further affects the gene penetrance, with subsequent
generations developing PPH at an earlier age.13

Interestingly, 160 (57%) of 282 children born to
parents who were carriers of the gene for familial
PPH were female, suggesting either a selective
wastage of male fetuses or a preferential fertilization
by an X over a Y male gamete.13

In 1997, the gene for familial PPH was mapped to
chromosome 2q31–32.14,15 In 2000, the bone mor-
phogenetic protein receptor type II gene (BMPR2)
was identified as the actual gene for familial PPH and
its product was recognized as a transforming growth
factor beta receptor, suggesting a role for this recep-
tor in maintaining pulmonary vascular integrity.16,17

In fact, mutations in BMPR2 were also found in 13

(26%) of 50 patients with sporadic or nonfamilial
PPH in one series,18 which suggests that it may soon
be possible to identify individuals at risk for PPH.

These landmark discoveries in the genetics of
familial PPH have opened the way to a better
understanding of the pathogenesis of PPH and may
have important therapeutic implications as more of
the molecular pathways are revealed. 

■ PATHOGENESIS

Pulmonary arterial hypertension, although associat-
ed with some disease entities, has a still-unknown
mechanism that probably results from multiple nox-
ious stimuli targeting a predisposed pulmonary vas-
culature. The most obvious predisposing factors are
the mutations in the BMPR2 gene16,17 that result in
familial PPH and in some cases of sporadic PPH, as
discussed above.18

The epidemic of PAH that developed in users of
appetite-suppressant drugs,19,20 probably through
these drugs’ serotonergic effects,20,21 is an example of
a noxious stimulus causing PAH. However, because
only 0.1% of aminorex users were affected, possible
polymorphism at the level of the vascular smooth
muscle serotonin transporter was recently hypothe-
sized as a predisposing factor for PPH in these indi-
viduals.21 The mechanism of injury leading to PAH
associated with HIV infection is less clear,22 although
some evidence points to stimulation of endothelial
cell growth by infected T lymphocytes.23 Pulmonary
arterial hypertension is also associated with connec-
tive tissue diseases without any obvious pathophysio-
logic link.24 Some have proposed the possibility of an
autoimmune injury leading to the vasculopathy.25,26

Deficiency of thyroid hormone, either through a
shared autoimmune insult to the thyroid gland and
the pulmonary vasculature, or through loss of the
thyroid hormone’s vasomotor role, has also been
associated with PPH.27 Moreover, the paracrine
actions of the vascular endothelium appear dysfunc-
tional in PAH, resulting in abnormal proliferation of
vascular smooth muscle and endothelial cells, which
may contribute to the increased pulmonary vascular
resistance observed in this disease. 

Many advances have been made in unraveling
the pathogenesis of PAH. In many instances, how-
ever, any cause-and-effect explanation for the
observed abnormalities remains blurred, as most
abnormalities are found in advanced stages of pul-
monary hypertension. 

Figure 1. Histopathologic photograph of a plexogenic pul-
monary arteriopathy lesion surrounded by normal alveoli
(NA). The arrow points to a newly formed vascular lumen.
Color versions of this photograph and another photograph
of this lesion taken with a different stain appear on the
cover of this supplement. Photo courtesy of Carol F.
Farver, MD.

NA
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Endothelial dysfunction/vasoconstriction
An injured endothelium probably represents the
response to a variety of stimuli that lead to secondary
pulmonary hypertension, but the endothelial dys-
function seen in PPH seems to be idiopathic, or of yet
unknown etiology. It remains uncertain whether this
constitutes one of the triggers for the vasculopathy of
PPH or whether it is in response to a variety of nox-
ious mechanical and chemical stimuli. The endothe-
lial malfunction is manifested by an imbalance
between locally produced vasoconstrictors and
vasodilators, resulting in abnormal vascular tone. Of
those local mediators, nitric oxide, prostacyclin, and
endothelin-1 are among the best studied and carry
several therapeutic implications. 

Nitric oxide. The endothelium-derived relaxing
factor nitric oxide (NO) has been shown to play a
pivotal role in the pathobiology of PPH.28–33 Nitric
oxide is a potent pulmonary vasodilator that is pro-
duced locally in the lung and has profound effects
on smooth muscle relaxation and proliferation.
Normal pulmonary vascular tone is maintained in
part by local production of the vasodilator NO, and
NO exerts an inhibitory effect on vascular smooth
muscle cell proliferation and migration.34 Anatomic
sources of NO in the lung include the pulmonary
circulation, the lower airways, and the upper air-
ways and paranasal sinuses.35

Nitric oxide is endogenously synthesized by NO
synthases, which convert L-arginine to L-citrulline
and NO in the presence of oxygen and several
cofactors.36,37 Three NO synthases (types I, II, and
III) have been identified and are widely expressed in
various tissues, including the lungs.38 Nitric oxide
also can be detected in the exhaled breath of
humans.35,39

Once produced, NO is freely diffusible and enters
pulmonary smooth muscle cells to activate soluble
guanylate cyclase and produce guanosine 3′,5′-
cyclic monophosphate (cGMP).36 Increased cGMP
activates a kinase that phosphorylates a calcium-
dependent potassium channel, leading to hyperpo-
larization and pulmonary vascular smooth muscle
relaxation. The close proximity of the airways to the
blood vessels allows the NO produced in high levels
in the upper40 and lower airways by NO synthase II35

to affect the pulmonary vascular tone in concert
with the low NO levels produced by NO synthase
III in the vascular endothelium. As soon as this
potent vasodilator’s job is done in the lung, it binds
to hemoglobin and has virtually no effect on sys-

temic hemodynamics, making it a truly selective
pulmonary vasodilator.

Interestingly, patients with PPH have low levels of
NO in their exhaled breath.30 In fact, the severity of
pulmonary hypertension correlates inversely with
NO levels estimated by measurement of NO reaction
products in bronchoalveolar lavage fluid (Figure 2).30

Although this is a more complex issue than simple
lack of a vasodilator, replacement of NO seems to
work well in treating the problem.41 Exogenous
administration of NO gas by inhalation is a highly
effective and specific therapy for PPH.33,41,42 Although
cost and unresolved technical difficulties in the deliv-
ery of inhaled NO have prevented its widespread use
to date,41 recent evidence suggests that other thera-
pies for PPH may exert their benefits at least partial-
ly through endogenous NO.28,31 Nitric oxide levels
were found to be increased in the exhaled breath of
patients with PPH after therapeutic infusion of epo-
prostenol, a prostacyclin analogue.31

Endothelin-1 is a peptide produced by the vascu-
lar endothelium that has potent vasoconstrictive and
proliferative paracrine actions on vascular smooth
muscle cells.43 The pulmonary circulation plays an
important role in the production and clearance of
endothelin-1, and this physiologic balance is reflect-
ed in circulating levels of endothelin-1.44 Patients
with pulmonary hypertension, PPH in particular,
have an increased expression of endothelin-1 in pul-
monary vascular endothelial cells.45 Similarly, serum
endothelin-1 levels are increased in patients with
pulmonary hypertension.46

Prostacyclin. The endothelium also produces
prostacyclin (PGI2) by cyclooxygenase metabolism
of arachidonic acid. Prostacyclin causes vasodila-
tion throughout the human circulation47 and is an
inhibitor of platelet aggregation by its action on
platelet adenylate cyclase.48

The final enzyme in the production of PGI2 is
prostacyclin synthase. Transgenic mice overexpress-
ing this enzyme in their respiratory epithelial cells
are protected against the development of hypoxic
pulmonary hypertension,49 and the remodeled pul-
monary vasculature in lung tissue obtained from
patients with severe PPH expresses low levels of
prostacyclin synthase when compared with normal
lung tissue.50 In addition, a PGI2 metabolite, 2,3-
dinor-6-keto-PGF, is diminished in the urine of
patients with pulmonary hypertension, further
underscoring the role of endothelial dysfunction in
the pathobiology of PPH.51
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Remodeling
In addition to the pulmonary vasoconstriction that
results from dysregulation of the local endothelial
mediators as discussed above, pulmonary vascular
remodeling seems to play a major role in the
increased vascular resistance seen in PPH. An

abnormal proliferation of endothelial cells occurs in
the irreversible plexogenic lesion.52 These prolifer-
ating endothelial cells are monoclonal in origin,
raising the possibility that a random somatic muta-
tion may be one of the initial steps leading to spo-
radic PPH.53 The endothelial cells express angio-
genic factors (eg, vascular endothelial growth fac-
tor), which suggests a role for them in the disor-
dered angiogenesis that may be part of the plexiform
lesion formation.54 In addition, pulmonary vascular
smooth muscle cells that normally have a low rate
of multiplication undergo proliferation and hyper-
trophy. Those smooth cell changes arise from the
loss of the antimitogenic endothelial substances
(eg, PGI2 and NO)55,56 and an increase in mitogenic
substances (eg, endothelin-1).57 At the same level,
the growth-inhibitory effect of transforming growth
factor beta on vascular smooth cells is lost, which
may explain the molecular mechanism of the muta-
tion in familial PPH.18,58

Other stimuli arise from locally activated
platelets that release thromboxane A2 and sero-
tonin, which act as growth-promoting substances
on the vascular smooth muscle cells.52,59,60 In fact,
elevated blood levels of serotonin are found in
patients with PPH,61 perhaps because of an abnor-
mality in the platelet storage pool that is the main
source of serotonin in the human circulation.62

Pulmonary vascular smooth cell hyperplasia also
correlates with polymorphism and overexpression of
the serotonin transporter, which may constitute an
additional factor in an individual’s genetic suscepti-
bility to developing PPH.21,63 On the other hand, the
pulmonary artery smooth muscle cells in PPH
appear to be in an abnormally depolarized state.64

This abnormal resting potential results in a height-
ened state of vasoconstriction secondary to
increased levels of cytosolic Ca2+ and seems to
relate to a primary dysfunction or downregulation of
the voltage-gated K+ channels.64,65

In addition to smooth muscle cell proliferation,
an increase in extracellular matrix deposition con-
tributes to the medial hypertrophy in PAH.66 The
extracellular matrix is remodeled through a dynam-
ic process of matrix protein degradation and synthe-
sis triggered by the high flow and pressure in the
pulmonary vasculature, resulting in the obliterative
changes seen in the pulmonary arteries.66 A perivas-
cular inflammatory cell infiltrate observed in the
plexogenic lesion indicates that cytokines may also
play a role in its development.52
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Figure 2. Relationship of reaction products of nitric oxide
(NO) in bronchoalveolar lavage fluid to pulmonary artery
pressures (top) and years after diagnosis of PPH (bottom).
The circles represent individual patients. The filled circle rep-
resents a patient with familial PPH who died during the study.
Reprinted, with permission, from reference 30. © American
Lung Association

The lower the level of NO products,
the higher the pulmonary artery pressure
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Thrombosis
In a large retrospective series that looked at lung tis-
sue obtained from autopsy specimens of patients
with PPH,67 22 of 56 pathologic specimens showed
evidence of thrombi confined to the small muscular
arteries. This was atypical for the classic appearance
of venous thromboembolism, and the concept of
thrombosis in situ in PPH emerged. 

Pulmonary arterial hypertension seems to be
associated with a prothrombotic milieu that is a
consequence rather than a cause of the vasculopa-
thy, although this remains debatable. The determi-
nants of this increased propensity for thrombosis
arise at the level of the microvasculature, where the
dysfunctional endothelium loses the anticoagulant
properties that usually prevent intravascular clot-

ting of blood material.68 Instead, the procoagulation
mediators that are usually inhibited under physio-
logic conditions seem to be activated. In fact, blood
thrombin activity is increased in patients with pul-
monary hypertension, indicating activation of
intravascular coagulation,69 whereas soluble throm-
bomodulin, a cell membrane protein that acts as an
important site of thrombin binding and coagulation
inactivation, is decreased.70 In addition, PGI2 and
NO, both inhibitors of platelet aggregation, are
decreased at the level of the injured endothelial
cell, as discussed above. Circulating platelets in
patients with PAH seem to be in a continuous state
of activation51 and contribute to the prothrombotic
milieu by aggregating at the level of the injured
endothelial cells.71
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■ ABSTRACT

The diagnosis of pulmonary hypertension (PH) relies
on a high index of suspicion. In patients with symp-
toms or chest radiographic findings suggestive of
PH, a detailed history and physical examination fol-
lowed by early assessment with a transthoracic
echocardiogram, ventilation-perfusion scanning,
chest computed tomography, pulmonary function
testing, and nocturnal oximetry screening can pro-
vide valuable information about etiology and sever-
ity. Right heart catheterization should follow in
patients who are symptomatic or who demonstrate
moderate to severe PH by echocardiography and
are candidates for treatment. Patients at risk for
developing PH should undergo serial echocardiog-
raphy and pulmonary function testing to assess for
disease development and progression. Genetic test-
ing is not currently recommended in the routine
evaluation of patients with a diagnosis of primary
pulmonary hypertension.

Pulmonary hypertension (PH) often presents
in an insidious manner, requiring a high
index of suspicion by the clinician making
the diagnosis. In many cases the diagnosis

may be delayed because of the nonspecificity of
symptoms and the relative rarity of PH. The
National Institutes of Health’s Primary Pulmonary
Hypertension Patient Registry noted that the mean
interval from the onset of symptoms to diagnosis is
about 2 years.1 Patient evaluation for PH should be
directed to establish the etiology and the severity of
the disease (Table 1, Figure 1), both of which will
influence the selection of treatment strategies. This
article reviews the diagnostic workup and evalua-
tion for patients with known or suspected PH and
the role of genetic testing and screening.

■ HISTORY-TAKING: THOROUGHNESS IS KEY

The symptoms of PH are nonspecific and often are
difficult to differentiate from those of other pul-
monary or cardiovascular diseases, so a thorough
clinical history should be taken for all patients with
suspected PH. Dyspnea on exertion is by far the most
common complaint. Up to one third of patients with
PH and normal coronary arteries report chest pain,
which probably is attributable to increased myocar-
dial oxygen demand caused by elevated right ven-
tricular wall stress from dilation or hypertrophy or by
reduced oxygen supply from decreased myocardial
blood flow.2 Syncope or presyncope may occur in
one third of patients with PH owing to a reduced,
fixed cardiac output, atrial or ventricular arrhyth-
mias, or right ventricular ischemia.3 Syncope is an
ominous sign and usually indicates severe PH with
marked elevation of right heart pressures. Rarely,
patients may complain of hoarseness (Ortner syn-
drome) attributable to impingement of the left
recurrent laryngeal nerve between the aorta and a
dilated left pulmonary artery.4

The composite effect of elevated pulmonary

Diagnosis and evaluation 
of pulmonary hypertension

MARIE M. BUDEV, DO, MPH; ALEJANDRO C. ARROLIGA, MD; AND CONSTANCE A. JENNINGS, MD

From the Department of Pulmonary and Critical Care
Medicine, The Cleveland Clinic Foundation, Cleveland, Ohio.

Address: Constance A. Jennings, MD, Department of
Pulmonary and Critical Care Medicine, A90, The Cleveland
Clinic Foundation, 9500 Euclid Avenue, Cleveland, OH
44195; e-mail: jenninc@ccf.org.

Disclosure: All of the authors have indicated that they have
no commercial affiliations or interests that pose a potential
conflict of interest with this article.



S10 CLEVELAND CLINIC JOURNAL OF MEDICINE      VOLUME 70 • SUPPLEMENT 1      APRIL  2003

D I A G N O S I S  A N D  E VA L U AT I O N  ■ B U D E V  A N D  C O L L E A G U E S

artery pressure, exertional hypoxemia, and reduced
right ventricular performance can be gauged clini-
cally according to the New York Heart Association
(NYHA) functional classification, by which
patients may report dyspnea with ordinary physical
activity (class II), with less than ordinary activity
(class III), or at rest (class IV).5 Functional classifi-
cation has a high correlation with prognosis and a
significant impact on treatment selection.6

Since most patients have an underlying etiology
that explains the presence of PH, careful attention
should be given to symptoms related to associated
diseases. In addition, patients with underlying dis-

eases that predispose to PH should undergo a care-
ful history directed at the symptoms of PH.7

Patients with connective tissue disease should be
evaluated especially carefully with respect to pul-
monary arterial hypertension (PAH). Patients with
scleroderma who have PAH have a higher mortali-
ty than those without PAH,8,9 and recent clinical
studies have indicated a 30% to 35% prevalence of
PAH in scleroderma patients,10–12 although earlier
retrospective studies based on autopsy or surgical
pathology specimens reported a higher inci-
dence.13,14 Pulmonary arterial hypertension occurs in
9% to 14% of patients with systemic lupus erythe-
matosus and carries a 2-year mortality rate of greater
than 50% in these patients.15 Factors associated
with an increased incidence of PAH include use of
cytotoxic agents, presence of Raynaud phenome-
non, renal disease, ribonucleoprotein antibody, and
circulating lupus anticoagulant.16 The mean dura-
tion of systemic lupus at the time of PAH diagnosis
is 2.4 years; however, because PAH may be the pre-
senting symptom, a careful history directed toward
symptoms associated with systemic lupus erythe-
matosus is advised.17

History-taking in patients with possible PAH
should specifically seek to identify risk factors associ-
ated with human immunodeficiency virus (HIV)
infection since studies have indicated a shorter aver-
age duration of symptoms attributable to PAH and a
faster disease evolution in HIV-infected patients.18,19

A detailed medication history should be elicited
that includes use of illicit drugs, prescription medi-
cines, over-the-counter remedies, and herbal sup-
plements. A known association exists between PAH
and a history of appetite suppressant use (dexfenflu-
ramine, fenfluramine, and phentermine), with a rel-
ative risk for PAH after 3 months of use that is
approximately 23-fold higher than that of the gen-
eral population.20

A history suggestive of other diseases with known
associations with PH should be sought, including
pulmonary thromboemboli, hepatic disease, thyroid
disease, sickle cell disease, congenital heart disease,
conditions associated with elevated left heart pres-
sures, and conditions associated with hypoxemia.2

■ THE PHYSICAL EXAMINATION:
A WINDOW INTO ETIOLOGY, SEVERITY

The physical examination in a patient with suspect-
ed PH may yield valuable information about the eti-

TABLE 1
Hemodynamic classification 
of pulmonary hypertension

Precapillary pulmonary hypertension
Primary pulmonary hypertension

Pulmonary arterial hypertension due to collagen 
vascular disease

Eisenmenger syndrome

Portopulmonary hypertension

HIV-associated pulmonary arterial hypertension

Pulmonary arterial hypertension due to appetite 
suppressants

Pulmonary hypertension induced by high altitude,
obstructive sleep apnea, or hypoxia

Thromboembolic pulmonary hypertension

Postcapillary pulmonary hypertension
Left ventricular systolic or diastolic dysfunction

Aortic stenosis or regurgitation

Primary mitral regurgitation

Mitral valve obstruction

Pulmonary veno-occlusive disease

Mixed pulmonary hypertension
Chronic primary systolic left ventricular failure

Aortic stenosis

Chronic aortic and primary mitral regurgitation

Mitral valve obstruction

Selective or nonselective increases 
in pulmonary blood flow
Atrial septal defect

Ventricular septal defect

Patent ductus arteriosus

High-output cardiac failure (thyrotoxicosis, Paget disease)

Liver disease

Chronic anemia
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ology and severity of the disorder. The most consis-
tent finding in patients with PH is an increased pul-
monic component of the second heart sound (P2).
Elevation of the jugular venous pulsations, murmurs
of pulmonic and tricuspid insufficiency, and a right
ventricular heave with an S3 gallop are secondary
findings also associated with PH.21 Physical signs of
underlying causes of PH may be present and
include21:
• central cyanosis due to Eisenmenger syndrome

(right-to-left intracardiac shunting)
• clubbing due to congenital heart disease, inter-

stitial lung disease, or hepatic cirrhosis
• hepatomegaly, ascites, or spider angiomata, indi-

cating underlying cirrhosis
• scleroderma, sclerodactyly, telangiectasias, or

other findings indicating an underlying connec-
tive tissue disease. 

■ DIAGNOSTIC TESTING:
MANY TOOLS CAN AID ASSESSMENT

Because of the nonspecificity of symptoms and the
subtlety of physical signs in most patients with PH,
the history and physical examination provide only
limited information on the presence and severity of
disease. The following investigational tools can sup-
plement the history and examination in assessing
the presence and severity of PH.

Echocardiography
Transthoracic echocardiography should be per-
formed as the initial study in patients suspected of
having PH, owing to its sensitivity and noninva-
siveness.5 Doppler echocardiography is used to esti-
mate the right ventricular systolic pressure by mea-
suring tricuspid regurgitation velocity, and also pro-
vides information about the size and function of the
right ventricle, as well as estimates of right atrial
pressure.21 Right ventricular systolic pressure esti-
mates by echocardiography correlate well with pul-
monary artery systolic pressure by right heart
catheterization in patients with PH.22,23 However,
the right ventricular systolic pressure may be under-
estimated in some cases because of suboptimal trac-
ings of the regurgitant jet, decreased tricuspid regur-
gitation jet velocity due to high right atrial pres-
sures, or poor estimation of right atrial pressures.2,24

Thus, all patients with a significantly elevated right
ventricular systolic pressure on transthoracic
echocardiography and those evoking a high degree

of clinical suspicion for significant PH despite a nor-
mal transthoracic echocardiogram should undergo
right heart catheterization for confirmation, espe-
cially if they are candidates for treatment.

Transthoracic echocardiography may also pro-
vide valuable clues about the presence of cardiac
causes of PH, such as left ventricular systolic or dias-
tolic dysfunction, mitral valve disease, and intracar-
diac shunting. Bubble contrast echocardiography
provides information on significant intracardiac
shunting, but if visualization of the atrial septum is
inadequate, transesophageal echocardiography or
right heart catheterization with oximetry may be
required.2 Transesophageal echocardiography is
especially helpful in detecting atypically situated
sinus venous atrial septal defects, anomalous pul-
monary venous return, and centrally located pul-
monary thrombi.25

Because of the high prevalence of PAH in
patients with scleroderma, all patients with sclero-
derma should undergo screening transthoracic
echocardiography.26 However, routine echocardio-
graphic screening is not recommended for patients
with systemic lupus erythematosus unless they have
symptoms consistent with PAH. First-degree rela-
tives of patients with primary pulmonary hyperten-
sion (PPH) should undergo transthoracic echocar-
diography at the time of diagnosis of the index case,
every 3 to 5 years thereafter, and at any time symp-
toms arise that are suggestive of PAH.2

Other laboratory investigations
Chest radiography may indicate the presence of
PH. A right descending pulmonary artery width
greater than 17 mm has been associated with ele-
vated pulmonary artery pressures.27 Linear calcifica-
tion of the right pulmonary artery indicates severe
longstanding PH.21 A globular heart and decreased
retrosternal air space may suggest right ventricular
dilation or hypertrophy.28 Abnormalities such as
interstitial changes or emphysematous change may
indicate the presence of underlying parenchymal
disease, or nodular densities may suggest pulmonary
vasculitis.21 Chest radiography and spirometry are
abnormal in up to 73% of patients with PAH relat-
ed to scleroderma.29

Electrocardiography can frequently reveal evi-
dence of right atrial or ventricular enlargement in
patients with PH.24

The ventilation-perfusion scan is the most use-
ful screening test for pulmonary thromboemboli. At
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least one segmental-sized or larger perfusion defect
will be present in patients with chronic throm-
boembolic pulmonary hypertension, and most
patients will have several segmental or lobar mis-
matched defects that give the scan a characteristic
“moth-eaten” appearance.30

For patients with a ventilation-perfusion scan
suggestive of chronic thromboembolic pulmonary
hypertension, pulmonary angiography can provide
additional information on the extent and the loca-

tion of thromboemboli.2 However, if residual throm-
boemboli are incorporated into the pulmonary arte-
rial wall or are located distally in the small seg-
ments, conventional angiography may underesti-
mate the extent of thrombus. In selected cases,
angioscopy allows better visualization of throm-
boemboli and their surgical accessibility.31,32

Intravascular ultrasound may provide useful infor-
mation on proximal thrombi amenable to throm-
boendarterectomy or in the differentiation between
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Secondary pulmonary
hypertension

Suspected pulmonary hypertension
• High-risk individual

(scleroderma, obstructive sleep apnea, HIV)
• Suggestive clinical history
• Suggestive physical examination
• Suggestive chest radiograph
• Incidental finding on echocardiography

Confirmation by right
heart catheterization

Standard evaluation

Doppler echocardiography
showing elevated right 
ventricular systolic pressure
or dilated right ventricle

Chest radiography

Pulmonary function testing

Polysomnography

Ventilation-perfusion scan

Serologic testing

Left ventricular dysfunction
Valvular heart disease
Congenital heart disease
PVOD

COPD

Interstitial lung disease

Obstructive sleep apnea
Chronic hypoxemia

Chronic thromboembolic
disease

HIV infection
Portopulmonary hypertension
Collagen vascular disease

Confirmation by right heart
catheterization

Primary pulmonary hypertension

No evidence for 
alternative etiologies of 
pulmonary hypertension

Figure 1. Clinical algorithm for the diagnosis of pulmonary hypertension.

PVOD = pulmonary veno-occlusive disease; COPD = chronic obstructive pulmonary disease



CLEVELAND CLINIC JOURNAL OF MEDICINE      VOLUME 70 • SUPPLEMENT 1      APRIL  2003 S13

acute and chronic thromboembolic disease.2,33,34

Chest computed tomographic scanning is a use-
ful part of the evaluation of patients with known or
suspected PH. Helical studies with contrast are help-
ful in identifying proximal thromboembolic disease.
An increased diameter of the main pulmonary artery
(≥ 29 mm) is highly predictive of the presence of PH
(sensitivity 84%, specificity 75%, positive predictive
value 0.97), especially when seen in association
with an artery-to-bronchus ratio greater than 1:1 in
multiple lobes (specificity 100%).35 High-resolution
computed tomographic scans are helpful in diagnos-
ing and staging interstitial lung disease and may sug-
gest the possibility of chronic thromboemblic dis-
ease, with a “mosaic” pattern of the lung parenchy-
ma, although this pattern is also associated with PH
in the absence of thromboemboli.36 A decreased
density gradient between dependent and nondepen-
dent lung has also been described as an early indica-
tor of PH.37

Magnetic resonance imaging can be used to
assess the size and function of the right ventricle,
myocardial thickness, the presence of chronic
thromboemboli, and cardiac and pulmonary pres-
sures.38 In a recent study, gadolinium-enhanced pul-
monary magnetic resonance angiography showing a
right pulmonary artery diameter greater than 28 mm
allowed for the diagnosis of chronic PH with a high
sensitivity (89%) and a high negative predictive
value (94%).39

Pulmonary function testing should be part of the
initial evaluation of patients with known or suspect-
ed PH to assess for abnormalities of the pulmonary
parenchyma or airways that may be relevant to the
etiology of PH.21 A restrictive defect with a reduc-
tion in lung volumes to less than 80% of the pre-
dicted value is present in 20% of patients with
chronic thromboembolic disease.30 A reduction of
the diffusion capacity of lung for carbon monoxide
(DLCO) (< 45%) out of proportion to a decline in
the forced vital capacity has an 87% sensitivity in
predicting PAH in patients with scleroderma2 and
may be the earliest sign of PAH in these patients.29,40

A partial pressure of carbon dioxide (PCO2) value
less than 30 mm Hg has been associated with high
positive (87%) and negative (73%) predictive val-
ues for portopulmonary hypertension in patients
with end-stage liver disease.41 Evaluation by noctur-
nal oximetry screening and/or polysomnography
for evidence of obstructive sleep apnea and noctur-
nal hypoxemia is also advised since the results have

both diagnostic and therapeutic implications.
Maximum exercise testing is usually not per-

formed in patients with PH because of the risk of
syncope or sudden death.42 Submaximal testing with
a 6-minute walk test is recommended at the time of
diagnosis to establish baseline functional impair-
ment and at follow-up to assess response to therapy
and prognosis. The mortality risk is increased 2.4-
fold in patients with PPH who are able to walk less
than 300 m in 6 minutes and 2.9-fold in those with
a greater than 10% decline in arterial oxygen satu-
ration.43 The 6-minute walk distance correlates with
severity by NYHA functional class in patients with
PPH, and patients who walk less than 332 m have a
significantly lower survival rate than those who
walk farther.44

Lung biopsy is not without risk in patients with
PH. It is usually reserved for cases in which a
histopathologic diagnosis may alter treatment, such
as when active vasculitis, granulomatous disease,
pulmonary veno-occlusive disease, or interstitial
lung disease is suspected.45

Right heart catheterization 
Right heart catheterization remains the gold stan-
dard for the diagnosis of PH. All patients suspected
of having significant PH after clinical and transtho-
racic echocardiographic evaluation should undergo
right heart catheterization, particularly if they are
candidates for treatment. Right heart catheterization
establishes the pulmonary artery pressure, pulmonary
vascular resistance, and cardiac output, as well as the
effect of vasodilators on these parameters. 

Pulmonary hypertension is defined by right heart
catheterization as a mean pulmonary artery pressure
greater than 25 mm Hg at rest or greater than 30 mm
Hg during exercise. The severity of PH is further
classified on the basis of mean pulmonary artery
pressure as mild (25 to 40 mm Hg), moderate (41 to
55 mm Hg), or severe (> 55 mm Hg).46 Pulmonary
hypertension secondary to left heart disease or
chronic obstructive pulmonary disease usually pre-
sents with mild to moderate elevation of mean pul-
monary artery pressures (25 to 45 mm Hg). More
severe PAH is typically found in PPH, in the setting
of collagen vascular disease, or in chronic pulmonary
thromboembolism.6 In most cases of portopulmonary
hypertension the increase in pressures is mild with
minimal elevations in pulmonary vascular resis-
tance, although a subset of patients with severe PH
with elevated pulmonary vascular resistance are dis-
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tinguished by right heart catheterization.47

A decreased mixed venous saturation consistent
with low cardiac output has been found to be a
strong predictor of poor outcome in some studies.
Any subsequent increase in the mixed venous satu-
ration with treatment may indicate an improvement
in the cardiac index that is due to decreased right
ventricular afterload.42

In some symptomatic patients with evidence of
only mild or moderate elevation of pulmonary
artery systolic pressures on echocardiography, mea-
surement of hemodynamics at rest and during exer-
cise by echocardiography may be needed to estab-
lish PH as the etiology of symptoms. In these
patients, right heart catheterization can provide
helpful additional data. In precapillary PH, the pul-
monary artery pressures and resistance are elevated
at rest but the pulmonary capillary wedge pressure is
normal (Table 2). During exercise, the pressure
increases, but the normal decrease in vascular resis-
tance does not occur. 

In cases where the pulmonary capillary wedge
pressure is noted to be elevated, the diagnosis of pul-
monary veno-occlusive disease or left-sided heart
disease should be considered.4 In older patients, the
pulmonary capillary wedge pressure may increase
(> 30 mm Hg) during exercise because of decreased
left ventricular compliance. These patients should
be treated for systemic hypertension and diastolic

dysfunction but should not be aggressively treated
for PH.2,21 In certain cases a mixed hemodynamic
picture may be present owing to progressive pul-
monary vasculopathy in response to chronic eleva-
tion of the pulmonary capillary wedge pressure.

Some patients with mild to moderate PH can be
followed or managed without right heart catheteri-
zation. Those with mild to moderate PH due to
chronic hypoxemia (resting, exertional, or noctur-
nal) can be followed with serial echocardiography
for evidence of progression on appropriate oxygen
and/or nocturnal ventilatory support. For patients
with mild to moderate PH by echocardiography in
the setting of other known causes, such as sclero-
derma, who do not have NYHA class III symptoms,
right heart catheterization can be reserved as a
future option if PH progresses on serial echocardio-
graphy (every 3 to 6 months). 

■ GENETIC TESTING ADVANCES,
BUT NOT YET RECOMMENDED

Primary pulmonary hypertension is usually sporadic,
but in nearly 100 families in the United States the
disease has occurred in at least two first-degree rela-
tives. Documenting familial PPH can be difficult
because of skipped generations resulting from
incomplete penetrance or variable expression.
Many individuals in families with PPH may inherit
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TABLE 2
Hemodynamic profile in pulmonary hypertension

Type Pulmonary capillary Pulmonary artery pressure Pulmonary vascular Pulmonary artery
wedge pressure (systolic, diastolic, mean) resistance end diastolic pressure

Precapillary Normal ↑ ↑ 5–15 mm Hg higher
pulmonary than pulmonary
hypertension capillary wedge pressure

Postcapillary ↑ ↑ Normal 5–15 mm Hg higher
pulmonary than pulmonary capillary
hypertension wedge pressure

Mixed ↑ ↑ ↑ Modestly higher than 
pulmonary pulmonary capillary 
hypertension wedge pressure

Selective or Inaccurate ↑↑ Normal or ↑ ↑
nonselective because of high
increases pulmonary artery
in pulmonary pressures
blood flow
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the gene and have children with PPH yet never
develop PPH themselves. The female-to-male ratio,
age at disease onset, and natural history of PPH are
similar between patients with the familial form of
PPH and those with the sporadic form.48

The locus designation gene for familial PPH,
known as PPH1, is on chromosome 2q31–32 and is
transmitted in an autosomal dominant manner.
Familial PPH is caused by mutations in the bone mor-
phogenetic protein receptor type II gene (BMPR2),
which encodes a transforming growth factor beta
(TGF-β) receptor. The TGF-β signaling pathway
appears to be involved in the pathogenesis of PPH
and may provide a target for future therapies.49

A complete family history should be obtained in
every patient with PPH. Because there is a lifetime
penetrance of 10% to 20%, the likelihood of a first-
degree relative being affected by PPH is about 0.6%
to 1.2% when only one individual in the family has
PPH, even if the PPH1 gene is present. If there is a
second case in the family, the lifetime risk rises to
5% to 10%. Offspring of an affected parent have a
5% to 10% lifetime risk of developing PPH.48

Most experts advise against genetic testing of
family members of patients with PPH because
knowledge of the gene and its interaction with
other factors contributing to PH is still in its infan-
cy and because the overall risk in first-degree rela-
tives is low. When genetic testing is performed, it is
critical to ensure both appropriate genetic analysis
and appropriate genetic counseling.50

Primary pulmonary hypertension has also been
associated with autoimmune phenomena, but the
genetic significance remains unclear.50

■ SPECIAL SITUATIONS

Certain diseases and clinical states are associated
with an increased prevalence of PH. We conclude
by presenting the following recommendations on
screening strategies for select population subgroups
with factors that put them at risk for PH.

Systemic autoimmune disease
An elevated erythrocyte sedimentation rate and
increased immunoglobulin G levels have been
reported in patients with PAH due to scleroder-
ma.51–53 Serologic studies show that antiphospho-
lipid antibodies are almost twice as prevalent (60%
to 68%) in systemic lupus erythematosus patients
with PAH as compared to those patients without

PAH.54 Assessing lupus anticoagulant and anticardi-
olipin antibodies may identify patients with sys-
temic lupus erythematosus who are at increased risk
for venous thromboemboli and PH.54

Liver disease
The prevalence of PH is approximately 1% in
patients with chronic liver disease or portal hyper-
tension but is approximately 4% in patients under-
going orthotopic liver transplantation.55 All patients
being evaluated for liver transplantation should
undergo transthoracic echocardiography to assess for
portopulmonary hypertension since the presence of
PH increases the risk of complications during trans-
plantation. Transthoracic echocardiography is
reported to be 97% sensitive and 77% specific in
diagnosing moderate to severe PAH in patients with
portal hypertension.56,57

HIV infection, intravenous drug abuse
Pulmonary arterial hypertension is reported in 0.5%
of HIV-infected patients.58 It is not related to the
degree of immunodeficiency or the duration of the
disease. Diagnostic screening with transthoracic
echocardiography is recommended only in HIV-
infected patients who have symptoms consistent
with PAH.59,60

Pulmonary hypertension in patients with a histo-
ry of intravenous drug abuse is caused by emboliza-
tion of foreign particles that are injected with the
drug. Because the presence of PH is variable in this
population, screening with transthoracic echocar-
diography is recommended only in individuals with
symptoms consistent with PH.61 Open lung biopsy is
generally not indicated unless a confirmatory diag-
nosis of PH due to intravenous drug use needs to be
established.

Hyperthyroidism
Pulmonary hypertension in patients with hyperthy-
roidism may be due to a high cardiac output state,
endothelial damage, increased metabolism of intrin-
sic pulmonary vasodilating substances, or increased
cholinergic output and reduced vasodilator
response.62,63 The usefulness of screening echocar-
diography in these patients is unclear.

Obstructive sleep apnea
and parenchymal lung disease
There is a well-described association between
obstructive sleep apnea and PH. Prevalence rates of
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PH in patients with obstructive sleep apnea range
from 17% to 79%; PH is usually mild in these
patients but may be severe.64 The etiology is most
likely multifactorial and related to a combination of
daytime and nocturnal hypoxemia, changes in
pleural pressure, alveolar hypoventilation, and ele-
vated endothelin levels.65 Patients with sleep apnea
documented by polysomnography with symptoms of
dyspnea should be screened for PH with echocardio-
graphy.66 One recent study found that 22% of
patients with severe obstructive sleep apnea
(defined as an apnea-hypopnea index > 30) had evi-
dence of daytime PH.67

Patients with parenchymal lung disease leading
to resting, nocturnal, or exertional hypoxemia may
also develop PH. Echocardiographic screening in

this setting is based on abnormal cardiac ausculta-
tion, rapid exertional desaturation, and progression
of dyspnea or hypoxemia in the context of stable
lung volumes and flows.

Other conditions
Pulmonary hypertension has been associated with
other conditions, including hypothyroidism, L-tryp-
tophan use, hyperuricemia, and sickle cell disease,
but the predictive value of early screening is not yet
clear.2 A recent clinicopathologic study of 20 cases
of sickle cell hemoglobinopathy noted a high preva-
lence of PH and high mortality. These groups of
patients may benefit from regular periodic assess-
ments for PH with directed history, physical exami-
nation, and transthoracic echocardiography.68
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■ ABSTRACT

The management of pulmonary arterial hyperten-
sion (PAH) should aim to provide vasodilation of
the pulmonary arteries, treat right ventricular fail-
ure, improve functional capacity and quality of life,
and improve survival, if possible. Data from right
heart catheterization and an estimation of vasore-
sponsiveness together guide treatment for PAH. The
judicious use of calcium channel blockers, prosta-
cyclin analogues, anticoagulation, and endothelin
receptor antagonists forms the current basis of
therapy. Three drugs—the prostacyclin analogues
epoprostenol and treprostinil and the endothelin
receptor antagonist bosentan—are currently
approved for the primary treatment of PAH and
have been clinically shown to improve outcomes.
Coumarin derivatives, epoprostenol, and, in selected
patients, calcium channel blockers are the only
drugs associated with improved survival, and only
epoprostenol has been shown to improve survival
in a prospective randomized trial. Knowledge of the
supportive therapies, indications for surgical inter-

vention, and emerging drug therapies should pro-
vide the working armamentarium for clinicians
treating this rare but devastating disease.

The comprehensive management of pa-
tients with pulmonary arterial hyperten-
sion (PAH) generally includes the follow-
ing goals:

• Vasodilation of the pulmonary arteries to reduce
pulmonary artery pressure

• Treatment of right ventricular failure
• Improvement in functional capacity and quality

of life
• Improved survival. 

These goals are most efficiently and effectively
achieved using a team approach centered on collab-
oration among the various physicians involved and a
pulmonary hypertension center, including a pul-
monary hypertension coordinator (see the article by
Mughal et al in this supplement). In the present arti-
cle, we review the various therapeutic options avail-
able for patients with PAH and issues involved in the
comprehensive management of these patients. The
simplified algorithm in Figure 1 provides an
overview of the management of these patients.

■ GENERAL CONSIDERATIONS IN THE 
APPROACH TO PULMONARY HYPERTENSION

Pulmonary arterial hypertension has diverse origins
and may occur as a primary disease (primary pul-
monary hypertension) or as a complication of sys-
temic, pulmonary, or cardiac conditions,1 as
described earlier in this supplement. Most of the dis-
cussion in this article relates to patients with prima-
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ry pulmonary hypertension, although many studies
have included patients with other categories of PAH
(Table 1). 

Secondary causes of pulmonary hypertension
should be thoroughly investigated since most cases
have an underlying etiology. Although some of these
secondary causes may have distinguishing clinical
features, a high index of suspicion is needed to make
a correct and timely diagnosis of PAH, owing to its
insidious onset and progression, nonspecific symp-
toms, and varied underlying causes.1,2

Although echocardiography is a useful noninva-
sive method of estimating the right ventricular sys-
tolic pressure,3,4 all patients should undergo right
heart catheterization for accurate measurement of
hemodynamic parameters and to guide the selection
of appropriate therapy. 

■ ESTIMATE OF VASORESPONSIVENESS

Before vasodilator therapy is initiated for PAH,
patients should be identified as “responders” or
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PAH diagnosis assured

RHC done
Mean PAP > 25 mm Hg
PAWP < 18 mm Hg

All patients

Warfarin to INR 1.5 – 2.5

Cardiac index > 2.1

Assess vasoresponsiveness

Cardiac index < 2.1

Begin therapy

If clinically indicated

• Oxygen
• Diuretic
• Digoxin

Mean PAP decrease 10 mm Hg
PVR decrease 30%, RAP < 10 mm Hg
No systemic hypotension
No worsening hypoxemia

No vasoresponsiveness
Clinical worsening

Prostacyclins

• Epoprostenol
• Treprostinil
• Other agents

not yet approved
in US

Endothelin
antagonist

Bosentan
(must perform
liver function
tests monthly)

Experimental or
salvage therapy

• Septostomy
• Lung/lung-heart

transplant
• Sildenafil
• Nitric oxide

• Diltiazem
• Nifedipine
(very high doses; initiate
with RHC in place)

Figure 1. Algorithm for the management of patients with pulmonary arterial hypertension.

PAH = pulmonary arterial hypertension; RHC = right heart catheterization; PAP = pulmonary artery pressure;
PAWP = pulmonary artery wedge pressure; INR = international normalized ratio; PVR = pulmonary vascular resistance; RAP = right atrial pressure
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“nonresponders” by measuring the change in pul-
monary artery pressure and pulmonary vascular
resistance in response to short-acting vasodilators
such as inhaled nitric oxide,5 intravenous prostacy-
clin,6 or adenosine.7 A decrease of 10 mm Hg in
mean pulmonary artery pressure and a 25% decrease
in pulmonary vascular resistance8 is considered a
positive response so long as it occurs with a stable or
increased cardiac index and without a significant
decrease in systemic blood pressure or oxygen satu-
ration.9 Because there is a 20% to 25% spontaneous
variability in pressures and resistances,10 it is reason-
able to require at least a 30% reduction in pul-
monary vascular resistance in order to call a
vasodilator response positive.11 Patients with a posi-
tive response are more likely to benefit from long-
term vasodilator therapy11–14 and to have fewer side
effects.11,15 Patients without an acute vasodilator
response also appear to have vascular endothelial
remodeling that limits vasodilatation,16 but they still
derive clinical benefit from long-term vasodilator
therapy with epoprostenol.17–19

■ CALCIUM CHANNEL BLOCKERS

Calcium channel blockers were the first medications
associated with an improvement in survival in
patients with primary pulmonary hypertension.
Some authors recommend at least a 50% decrease in
pulmonary vascular resistance and near normaliza-
tion of mean pulmonary artery pressure in response
to a vasodilator trial when assessing a patient’s candi-

dacy for calcium channel blocker therapy.20 Calcium
channel blockers are best reserved for patients with a
preserved cardiac index and documented vasoreac-
tivity. Unfortunately, vasoreactivity is uncommon,
existing in approximately 30% of patients.21

Studies have shown that high-dose calcium
channel blocker therapy in carefully selected
patients (ie, those with a 20% reduction in mean
pulmonary artery pressure during acute titration of
nifedipine or diltiazem) is associated with reduca-
tions in pulmonary artery pressure, pulmonary vas-
cular resistance, and symptoms, as well as improved
survival at 5 years.12,13,22 Doses up to 720 mg/day of
diltiazem or 240 mg/day of nifedipine were used as
long-term therapy after the initial dose escalation. 

Notably, patients with a right atrial pressure
greater than 10 mm Hg may not derive benefit from
calcium channel blocker therapy.23

■ PROSTACYCLIN ANALOGUES

Prostaglandins, including prostacyclin, are powerful
vasodilators that have antiplatelet activity and may
also contribute to pulmonary vascular endothelial
remodeling.23–27 Several prostacyclin analogues are in
clinical use for pulmonary hypertension throughout
the world, but only epoprostenol (Flolan) and tre-
prostinil (Remodulin) are approved by the Food
and Drug Administration (FDA) for use in the
United States. 

Epoprostenol is delivered by continuous intra-
venous infusion because of its short half-life in the
circulation (3 to 5 minutes). Its main mechanism of
action is a dose-dependent vasodilation that begins
within a few minutes of the start of infusion.
Through its actions on the arachidonic acid path-
way, epoprostenol also can inhibit platelet aggrega-
tion and reduce the risk of in situ thrombosis.

Reports in the 1980s28,29 suggested a significant sus-
tained benefit from epoprostenol in patients with
primary pulmonary hypertension. In 1996, a ran-
domized prospective trial demonstrated the sustained
effect of epoprostenol over a 3-month period in 81
patients with severe primary pulmonary hyperten-
sion (New York Heart Association [NYHA] class III
or IV).18 The mean pulmonary artery pressure
decreased by 8% in the epoprostenol group while ris-
ing by 3% in the conventional therapy group.
Additionally, epoprostenol therapy was associated
with significant improvements in cardiac index, pul-
monary vascular resistance, 6-minute walk distance,
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TABLE 1
Classification of pulmonary arterial hypertension

1. Primary pulmonary hypertension
• Sporadic
• Familial

2. Pulmonary arterial hypertension related to:
• Collagen vascular disease
• Congenital systemic to pulmonary shunts
• Portal hypertension
• HIV infection
• Drugs

—Anorexigens
—Other (rapeseed oil, cocaine, L-tryptophan, etc)

• Persistent pulmonary hypertension of the newborn
• Other

Adapted from reference 1 with permission of the World
Health Organization.
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and quality-of-life measures over the 12-week period.
All of the patients who died were in the conven-
tional therapy arm (Figure 2). 

Several other trials of epoprostenol have shown a
sustained increase in cardiac output with reduction
in pulmonary vascular resistance30 and improve-
ment in survival at 1, 3, and 5 years compared with
historical controls.18,31 The beneficial effects of
epoprostenol can be seen even in patients without
acute reduction of pulmonary artery pressure and
vascular resistance.18,19 McLaughlin et al30 showed
that the greater the reduction in pulmonary vascu-
lar resistance with acute adenosine challenge, the
lower the pulmonary vascular resistance with long-
term epoprostenol therapy, but even those patients
with no response to the initial challenge had a
reduction in pulmonary vascular resistance and an
improvement in symptoms. 

Epoprostenol may delay or eliminate the need for
lung transplantation in some instances.32 This drug
also has benefited patients with PAH secondary to
connective tissue diseases,27 congenital heart defects,25

portopulmonary hypertension,23 chronic thrombo-
embolic pulmonary hypertension,33 HIV infection,26

use of anorectic agents,34 and sarcoidosis.30,35

Dosing of epoprostenol is based on actual body
weight and is calculated in ng/kg/min. Treatment is
usually started with insertion of a pulmonary artery
catheter to monitor hemodynamic changes with
drug titration. Optimal dosing follows either of two
strategies. In one strategy, the dose may be increased
if the patient experiences symptoms (ie, the lowest
tolerated dose is used). The second strategy is to
continue increasing the dose as long as the toxici-
ties from treatment are tolerable. These strategies
have not been compared directly. 

Epoprostenol typically is initiated at a dose of 2
to 4 ng/kg/min, which is titrated up, based on side
effects, toward a target dose of 8 to 15 ng/kg/min in
the initial 4 to 5 weeks. Interpatient variability
makes the notion of an “ideal dose” somewhat neb-
ulous, but a recent report suggests that most patients
remain on stable doses between 22 and 45
ng/kg/min.36 Epoprostenol is delivered via a perma-
nent central catheter, which can subject the patient
to significant risk of infection37 and thrombosis.

Changes in volume status will change the vol-
ume of distribution and may result in over- or
underdosing. Symptoms of epoprostenol toxicity
include flushing, jaw claudication, abdominal
cramping, diarrhea, nausea/emesis, headache, and

arthralgia; these symptoms abate with time, indicat-
ing drug tolerance.38 Acute discontinuation of ther-
apy for any reason may result in a rapid increase in
pulmonary vascular resistance and pulmonary artery
pressure, as well as potentially acute right ventricu-
lar failure and death. 

Treprostinil is the prostacyclin analogue that is
available for subcutaneous infusion. A recent
prospective, randomized, 12-week study compared
treprostinil with placebo in 470 patients with PAH
(mainly primary pulmonary hypertension).39 Tre-
prostinil recipients showed a small improvement
compared with placebo recipients in 6-minute walk
distance (16 meters) and significant improvement
in mean right atrial pressure, mean pulmonary
artery pressure, cardiac index, pulmonary vascular
resistance, mixed venous oxygen saturation, and
quality-of-life measures. However, significant pain
at the infusion site was a major problem, occurring
in 85% of patients and causing study discontinua-
tion in 8%. There are currently no data showing
mortality benefits. 

■ ENDOTHELIN RECEPTOR ANTAGONISTS

The biology of endothelin-1 and its receptors
(endothelin receptors A and B) has been the focus of
intense research in recent years. Endothelin-1 is the
most potent known endogenous vasoconstrictor. It
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Figure 2. Survival among 41 patients treated with
epoprostenol and 40 patients receiving conventional thera-
py in a randomized prospective trial.18 Estimates were made
by the Kaplan–Meier product-limit method. The two-sided
P value from the log-rank test was 0.003. Reprinted with
permission from reference 18. Copyright ©1996 Massa-
chusetts Medical Society. 
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exhibits smooth muscle mitogenic, proinflammatory,
and profibrotic properties via actions on its receptors
located on vascular endothelial cells and bronchial
smooth muscle cells.40 Recent evidence suggests that
the vasoconstrictive action of endothelin-1 can be
mediated via both endothelin receptors.41

Endothelin-1 has a prominent role in various
forms of pulmonary hypertension. Elevated endothe-
lin-1 levels have been found in patients with prima-
ry pulmonary hypertension42; PAH associated with
scleroderma43 and systemic lupus erythematosus44;
and pulmonary hypertension due to chronic hypox-
ic lung diseases,45 congenital heart diseases,46 and
congestive heart failure.47 Endothelin-1 levels are
associated with disease severity and have been
shown to decrease with epoprostenol therapy.48

Bosentan. Because the fibrotic effects of
endothelin-1 seem to be mediated via the B recep-
tors, blockade of the B receptors with the dual
endothelin receptor antagonist bosentan (Tracleer)
may be desirable. Bosentan is currently the only
proven effective oral therapy for PAH, as well as the
only endothelin receptor antagonist that is com-
mercially available in the United States.

Bosentan has been studied in two randomized,
placebo-controlled, double-blind studies involving
patients with class III or IV PAH according to the

World Health Organization functional classifica-
tion, which is a modification of the NYHA classifi-
cation for heart failure. The first study49 was a 12-
week trial in which bosentan was associated with an
improvement, compared with placebo, in 6-minute
walk distance, functional capacity, score on the
Borg dyspnea index, pulmonary artery pressure, pul-
monary vascular resistance, and cardiac output. 

The larger Bosentan Randomized Trial of
Endothelin Antagonist Therapy (BREATHE-1)50

enrolled 213 patients with PAH (primary pulmonary
hypertension or PAH due to connective tissue dis-
eases) who were in WHO functional classes III or IV.
Patients were randomized in a 1:1:1 ratio to placebo,
bosentan 125 mg twice daily, or bosentan 250 mg
twice daily. At 16 weeks, patients in the combined
bosentan groups walked 44.2 meters farther than
those in the placebo group (95% confidence inter-
val, 21–67 meters) (Figure 3) and had greater
improvements in their WHO functional class and
Borg dyspnea scores. Clinical worsening was noted in
20% of patients in the placebo group compared with
6% of patients in the bosentan groups (Figure 4). 

A recent study has also shown an improvement in
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Figure 3. Mean (± SE) change in 6-minute walk distance
from baseline to week 16 in patients treated with one of
two doses of bosentan or placebo in a randomized prospec-
tive trial.50 P < 0.01 for the comparison between the 125-
mg dose of bosentan and placebo, and P < 0.001 for the
comparison between the 250-mg dose and placebo. There
was no significant difference between the two bosentan
groups. Reprinted with permission from reference 50.
Copyright © 2002 Massachusetts Medical Society. 

Figure 4. Kaplan–Meier estimates of the proportion of
patients with clinical worsening in a randomized, prospec-
tive, placebo-controlled study of bosentan.50 Clinical wors-
ening was defined by the combined end point of death,
lung transplantation, hospitalization, or discontinuation of
the study treatment. P < 0.05 for the comparison of the
bosentan groups with the placebo group at weeks 16 and
28. There was no significant difference between the two
bosentan groups. Reprinted with permission from reference
50. Copyright © 2002 Massachusetts Medical Society. 
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right ventricular systolic function and left ventricular
early diastolic filling and reverse ventricular remod-
eling with bosentan therapy in patients with PAH.51

Although bosentan and treprostinil seem to show
equivalent overall efficacy, there was a much smaller
magnitude of improvement in 6-minute walk dis-
tance in the pivotal treprostinil study39 than in stud-
ies of bosentan, which might be attributable to differ-
ences in study cohorts. Whereas the bosentan studies
consisted mostly of patients with PAH related to con-
nective tissue disease, most patients in the treprostinil
study had primary pulmonary hypertension, although
there were some with PAH associated with congeni-
tal disease or connective tissue disease. Also, the tre-
prostinil study had some patients with a NYHA clas-
sification as low as II, and infusion-site pain made it
difficult to reach higher doses in some patients.39

A dose-related rise in hepatic aminotransferase
levels was noted in bosentan-treated patients in the
BREATHE-1 study (3% incidence for patients
receiving 125 mg twice daily, 7% for those receiving
250 mg twice daily) but resolved with dose reduc-
tion or drug discontinuation.50 Serum aminotrans-
ferase levels must be measured in patients before
starting bosentan therapy and monthly thereafter. 

Because of the risk of fetal damage with bosentan
use, patients should take special care not to become
pregnant while on this medication. 

Bosentan is approved by the FDA for all forms of
PAH in patients in WHO functional classes III or
IV (Table 2). Adding bosentan to the regimen of
patients already on epoprostenol may be a reason-
able strategy in highly symptomatic patients who
are deteriorating on symptom-limited doses of
epoprostenol, but any recommendation for such
combination therapy awaits further evidence. The
practice of using bosentan to “wean patients off”
epoprostenol is also currently under study.

Sitaxsentan, a specific endothelin A receptor
antagonist, is currently also under study in patients
with PAH.52 This investigational agent also is
administered orally. Theoretically, sitaxsentan
blocks the vasoconstrictive effects of the endothelin
A receptor while allowing the vasodilative effects of
endothelin B receptor stimulation.

■ OTHER VASODILATORS

Additional prostacyclin analogues are currently
not available in the United States, but the possible
benefits of the orally administered beraprost and the

inhaled iloprost are under study in Europe. 
Nitric oxide is a potent pulmonary vasodilator

that is produced in the pulmonary endothelium by
the metabolism of L-arginine; it has a key role in
pulmonary vascular tone.53 Inhaled nitric oxide has
been used to treat persistent pulmonary hyperten-
sion of the newborn54 as well as adult PAH. In view
of its short half-life, its main role to date has been to
determine vasodilator responsiveness in patients
with PAH.5,55 Long-term use of inhaled nitric oxide
has also been described in patients with primary
pulmonary hypertension,56 but its clinical applica-
tion has been limited because of the compound’s
short half-life.

Phosphodiesterase-5 (PDE-5) inhibitors act by
causing cyclic GMP levels to increase, which
appears to regulate pulmonary vascular tone via
nitric oxide. There has been significant enthusiasm
for use of the PDE-5 inhibitor sildenafil (Viagra) in
PAH because it can reduce pulmonary artery pres-
sure and pulmonary vascular resistance without sig-
nificantly reducing systemic blood pressure, and also
because it is orally administered and well tolerated. 

A recent randomized open-label study compared
sildenafil with nitric oxide and with epoprostenol in
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TABLE 2
World Health Organization functional 
classification of pulmonary hypertension

Class I—Patients with pulmonary hypertension but
without resulting limitation of physical activity.
Ordinary physical activity does not cause undue 
dyspnea or fatigue, chest pain, or near syncope.

Class II—Patients with pulmonary hypertension 
resulting in slight limitation of physical activity. They
are comfortable at rest, but ordinary physical activity
causes undue dyspnea or fatigue, chest pain, or near
syncope.

Class III—Patients with pulmonary hypertension
resulting in marked limitation of physical activity.
They are comfortable at rest, but less than ordinary
activity causes undue dyspnea or fatigue, chest pain,
or near syncope.

Class IV—Patients with pulmonary hypertension who
are unable to carry out any physical activity without
symptoms. These patients manifest signs of right
heart failure. Dyspnea , fatigue, or both may be 
present even at rest. Discomfort is increased by any
physical activity.

Adapted from reference 1 with permission of the World
Health Organization.
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patients with pulmonary hypertension secondary to
lung fibrosis, showing a significant reduction in the
pulmonary vascular resistance index with sildena-
fil.57 In this preliminary study sildenafil appeared to
be more potent than nitric oxide and was associat-
ed with less systemic hypotension than was
epoprostenol. Sildenafil also has been used as
adjunctive or rescue therapy in selected patients.58–62

Studies of the role of sildenafil in pulmonary hyper-
tension are currently under way in the United
States and Europe. 

L-Arginine is a precursor of nitric oxide in the
presence of nitric oxide synthase and is a readily
available nutritional supplement that can be taken
orally. In a placebo-controlled study of 19 patients
with PAH,63 supplemental L-arginine produced
decreases in mean pulmonary artery pressure and
pulmonary vascular resistance, an increase in oxy-
gen consumption, a decrease in CO2 production,
and a small but statistically significant decline in
mean systemic arterial pressure. Further study is
needed to better define the role of oral supplemen-
tation of this simple amino acid for the treatment
of PAH.

■ ANTICOAGULATION AND OTHER THERAPIES

Anticoagulants. The rationale for anticoagulant
therapy for PAH is based on the development of in
situ thrombosis seen pathologically in patients with
plexogenic pulmonary arteriopathy.12,64 These
patients are at increased risk of thrombosis because
of a variety of factors, including dilated right-sided
heart chambers, sluggish pulmonary vascular flow,
sedentary lifestyle, and venous insufficiency. A clear
and significant survival benefit has been observed at
1 and 3 years for anticoagulated over nonanticoag-
ulated patients with PAH.12,64 The current recom-
mendation is that all patients with PAH should
receive anticoagulation therapy with coumarin
derivatives to a target international normalized
ratio of between 2 and 365 unless they have a con-
traindication. 

Diuretic therapy reduces plasma volume and
preload and helps treat right ventricular failure,
reducing the right atrial pressure. Clinically there
is an improvement in jugular venous distention,
ascites, peripheral edema, and dyspnea, and there-
by an improvement in quality of life. Patients are
typically “volume dependent,” and volume deple-
tion from overdiuresis may result in significant

hypotension and dizziness. Loop diuretics are used
alone or in conjunction with a thiazide diuretic or
spironolactone in patients with ascites. The role of
ACE inhibitors is not completely clear in this pop-
ulation, but sympathetic and renin-angiotensin-
aldosterone activation due to severe right heart
failure argues in favor of some role. Interesting ani-
mal research suggests that pulmonary angiotensin-
converting enzyme is important in the pathogene-
sis of PAH.66,67

Supplemental oxygen. Hypoxemia induces pul-
monary vasoconstriction in patients with PAH,68

and hypobaric conditions such as those associated
with commercial air travel should be avoided with-
out supplemental oxygen.69 Although no study has
looked specifically at the impact of oxygen therapy
in patients with PAH, the Nocturnal Oxygen
Therapy Trial showed improved quality of life and
survival with oxygen therapy in patients with pul-
monary hypertension due to chronic lung disease.70

Some have argued that patients with PAH, other
than those with intracardiac shunts, have only a
mild degree of hypoxemia and that it is explained by
minimal ventilation-perfusion mismatching and a
low mixed venous oxygen level that is due to low
cardiac output.20 This argument maintains that oxy-
gen supplementation rarely, if ever, improves quali-
ty of life in patients with PAH.20 We have shown
that patients with PAH may be significantly hypox-
emic during sleep and require supplemental oxygen
therapy.71 We believe that all patients with PAH
should be screened for hypoxemia with exertion
and, if necessary, treated with supplemental oxygen
while asleep.

Digoxin and other inotropes have been used to
treat pulmonary hypertension, particularly in com-
bination with calcium channel blockers to offset the
latter drugs’ negative inotropic effects and to
increase cardiac output.72 Catecholamines such as
dopamine, dobutamine, and norepinephrine may be
used in selected patients under careful hemodynam-
ic monitoring in an attempt to temporarily augment
contractility, systemic blood pressure, or both. 

■ INDICATIONS FOR SURGICAL THERAPY

Lung transplantation should be the last option in
patients with PAH.73 Improvements in medical
management have lowered rates of lung transplan-
tation for PAH and extended the time to transplan-
tation or eliminated the need altogether.32 Patients
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in WHO functional class IV or those not respond-
ing to medical therapy should be referred for trans-
plant evaluation. International guidelines have
been published to direct this process.74 Heart-lung
transplants tend to be reserved for patients with
structural cardiac abnormalities. In some circum-
stances a bridging procedure, such as atrial septosto-
my, can be used while the patient awaits lung trans-
plantation, but such procedures are associated with
significant risk.75,76

■ OTHER MANAGEMENT ISSUES

Perioperative risk. We recently reported in
abstract form77 that untreated patients with moder-
ate to severe PAH had increased perioperative
morbidity and mortality rates. Most of the compli-
cations were related to the surgical procedure or
the underlying disease and not directly to PAH.
The few available reports on perioperative risks in
patients with PAH are case studies or series78–80 that
have looked predominantly at patients with por-
topulmonary hypertension undergoing liver trans-
plantation with mixed results. We recommend
perioperative pulmonary artery catheter monitor-
ing for all patients undergoing surgery under gen-
eral anesthesia. 

Exercise. Pulmonary artery pressure may increase
with exercise in PAH patients, precipitating dysp-
nea, chest pain, and syncope. The increase may be
out of proportion to the rise in cardiac output, owing
to exercise-induced pulmonary vasoconstriction81

and elevated pulmonary vascular resistance.82 We
recommend that patients with PAH not lift objects
heavier than 25 pounds or anything that might cause
them to strain, causing elevation in intrathoracic
pressure. We do encourage low-level cardiovascular,
aerobic exercise to prevent deconditioning. 

Immunization. Although no studies have specif-
ically addressed the role of immunization in patients
with PAH, we believe that routine pneumococcal
vaccination and annual influenza vaccination are
indicated. Hepatitis A vaccination should be con-
sidered in patients with congestive hepatopathy or
portopulmonary hypertension.83,84

Pregnancy. Patients with PAH must avoid
becoming pregnant. The physiologic changes associ-
ated with pregnancy severely stress an already over-
loaded right ventricle.85 Some form of birth control is
mandatory for women of childbearing age who have
PAH. There has been concern that the estrogens in
oral contraceptives might exacerbate in situ throm-
bosis,86 but recent evidence suggests that there is no
increased risk from the newer oral contraceptives
with a lower estrogen content.20 Which form of birth
control is best remains unknown, but surgical steril-
ization is the safest and most effective method. 

Treatment costs. Formal cost analyses have not
been published for the management of PAH. In
2002, The Medical Letter addressed cost issues for the
three FDA-approved drugs for PAH. According to
that analysis,87 the yearly costs of therapy may be
$72,000 for epoprostenol, $93,000 for treprostinil,
and $36,000 for bosentan. These numbers do not
reflect device-related charges for epoprostenol or
treprostinil, nor do they reflect the lab charges for
mandatory ongoing liver function tests for bosen-
tan. Additional costs for warfarin, digoxin, or
diuretics seem minor in comparison.

Anecdotally, some patients with PAH have quit
their jobs, legally separated from their spouses, or
moved to other counties to become eligible for
Medicaid and obtain coverage for these drugs.
Nevertheless, in light of the significant clinical or
mortality benefits, these drugs are recommended
despite their costs.88

Prognosis. Discussing prognosis and end-of-life
issues with patients who have PAH is often difficult.
The only three therapies associated with a mortality
benefit in patients with PAH to date are warfarin, cal-
cium channel blockers, and epoprostenol, and only
epoprostenol has been shown to improve survival in
a prospective, randomized trial.18 The cause of death
in patients with primary pulmonary hypertension is
usually progressive right heart failure or sudden
death.2 A recent study showed dismal results in the
outcomes of PAH patients who underwent a circula-
tory arrest protocol.89 Intense research for newer and
better treatment options and continued outcomes
research will help address these issues over time.
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■ ABSTRACT

Patients with pulmonary arterial hypertension (PAH)
may present to internists, rheumatologists, cardiolo-
gists, or pulmonologists. This breadth of clinicians
who encounter PAH patients, together with the
complicated nature of PAH as a disease entity,
argues for a shared-care approach to the manage-
ment of these patients. This review describes the
contributions of several key specialties to PAH man-
agement and outlines the collaborative PAH man-
agement model in place at our institution.

Successful approaches to pulmonary arterial
hypertension (PAH) are typically collabora-
tive approaches. Patients with PAH may
present to general internists, rheumatolo-

gists, cardiologists, or pulmonologists. Moreover,
centers of excellence in PAH across the United
States bring together the expertise of pulmonolo-
gists in pulmonary and pulmonary vascular physiol-
ogy, respiratory function testing, and pathology; the

expertise of cardiologists in cardiovascular physiolo-
gy, cardiac imaging, and pathology; and the exper-
tise of rheumatologists in systemic autoimmune dis-
eases.

These factors argue for a shared-care team
approach to optimize the care of patients with PAH.
An ideal way to embody this team approach is to
form a pulmonary hypertension center, although the
principles of this approach can apply even without
such a formal center in place. 

Most centers of excellence in PAH across the
United States are run by either pulmonologists or
cardiologists, with members of the other specialty
playing a prominent role. This is natural, given that
PAH has long been an area of interest for pulmo-
nologists and cardiologists, since most patients with
PAH present to these specialists by the very nature
of their typical symptoms, including dyspnea on
exertion and chest pain. 

Nevertheless, the roles of specialists vary at dif-
ferent pulmonary hypertension centers, and every
center needs more than just the expertise of a pul-
monologist, a cardiologist, and a rheumatologist.
The comprehensive care of patients with this com-
plicated disease requires input from such team
members as a pathologist with experience in pul-
monary vascular diseases, an active interventional
radiology program, an experienced thoracic trans-
plant team, laboratory support, and nurses with
expertise in PAH. 

This article describes the contributions of key
specialists to the management of patients with PAH
and outlines the collaborative model for PAH
patient management at the Cleveland Clinic
Foundation. 

Implementing a shared-care approach 
to improve the management of patients 
with pulmonary arterial hypertension
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■ SCREENING AND DIAGNOSIS

At our institution, patients with PAH are referred
to our pulmonary hypertension center, where their
care is directed by a pulmonologist, who performs
the initial evaluation. Input is sought from other
specialists, including cardiologists and rheumatolo-
gists (whose roles are outlined below), if the workup
reveals the possibility of a secondary etiology.

Pulmonary arterial hypertension may occur as a
primary disease or as a complication of various sys-
temic, cardiac, or pulmonary conditions,1,2 as
described earlier in this supplement. Some of these
underlying diseases may be suspected on clinical
grounds, but the nonspecific nature of the symptoms
makes recognizing an underlying disease difficult
unless the extrapulmonic symptoms or findings are
evident. In most patients PAH has an underlying eti-
ology, and the possibility of secondary causes should
be vigorously explored. Because of the insidious onset
and progression of PAH, its nonspecific symptoms,
and its varied underlying causes, a high index of sus-
picion is needed for a correct and timely diagnosis. 

Conditions associated with PAH should be iden-
tified to allow a focused screening strategy and effec-
tive treatment. Most patients are identified during
evaluation of symptoms or incidentally during eval-
uation for unrelated problems. A transthoracic echo-
cardiogram is currently the preferred screening test
for PAH. Screening may be appropriate in any group
of patients believed to be at increased risk of devel-
oping PAH. The biggest challenges that PAH cen-
ters and physicians who manage PAH face today are
deciding whom and how to screen for this rare yet
lethal disease and determining the cost-effectiveness
of such a screening process. This is especially perti-
nent given the relative nonspecificity of the present-
ing symptoms and the fact that patients are typical-
ly in later stages of the disease by the time the diag-
nosis is finally made. 

Role of the rheumatologist
Given the high incidence of PAH in patients with
systemic autoimmune diseases,3 the rheumatologist
is an integral member of the PAH management
team. This is especially true since many patients
with systemic autoimmune diseases typically present
with symptoms or findings related to their underly-
ing rheumatologic disease long before they develop
PAH. A high index of suspicion and careful atten-
tion to the patient’s complaints may allow for earli-

er diagnosis and intervention. 
Patients with scleroderma, systemic lupus erythe-

matosus, and certain other systemic autoimmune dis-
eases (Table 1) are considered to be at high risk for
developing PAH.3 Ungerer et al4 estimated the preva-
lence of PAH to be as high as 33% in patients with
scleroderma. Although early retrospective studies5,6

based on autopsy or surgical pathology specimens
reported a higher prevalence of PAH among patients
with limited scleroderma, or the “CREST syndrome”
(calcinosis cutis, Raynaud phenomenon, esophageal
dysmotility, sclerodactyly, and telangiectasias), more
recent clinical studies have indicated a prevalence of
PAH closer to 30% to 35%.7–9 Pulmonary arterial
hypertension may occur as an isolated complication
of scleroderma or secondary to interstitial fibrosis.
Studies show a significant increase in mortality in
scleroderma patients with PAH compared with those
without PAH.10–12

Pulmonary arterial hypertension has been report-
ed in a smaller proportion of patients with systemic
lupus erythematosus, 4% to 14%, but is associated
with a 2-year mortality rate of 25% to 50% among
these patients.13,14

As many as 66% of patients with mixed connec-
tive tissue disease have been said to develop PAH.15

The incidence of PAH in patients with mixed con-
nective tissue disease may be high because this entity
represents a specific clinical subset of patients with a
predominant sclerodermatous pattern of disease.

Causes of elevated pulmonary artery pressure in
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TABLE 1
Systemic autoimmune diseases associated 
with pulmonary arterial hypertension

Scleroderma
• Diffuse7

• Limited (CREST syndrome)9

Systemic lupus erythematosus13,14

Mixed connective tissue disease15

Rheumatoid arthritis16

Dermatomyositis/polymyositis17,18

Behçet disease

Takayasu arteritis

Antiphospholipid antibody syndrome

CREST = calcinosis cutis, Raynaud phenomenon, esophageal
dysmotility, sclerodactyly, and telangiectasias



S30 CLEVELAND CLINIC JOURNAL OF MEDICINE      VOLUME 70 • SUPPLEMENT 1      APRIL  2003

patients with rheumatoid arthritis include chronic
interstitial fibrosis and arterial intimal prolifera-
tion.16 Polymyositis17 and dermatomyositis18 also are
associated with fibrointimal proliferation and oblit-
eration of small pulmonary arteries. 

It is important to remember that patients with
these diseases, especially scleroderma, may curtail
their activities on account of musculoskeletal or
peripheral vascular involvement and therefore may
not present with dyspnea on exertion or chest dis-
comfort. It is also extremely difficult to define the
role of interstitial fibrosis as opposed to PAH in these
patients, especially since a subgroup of patients may
present with both. 

It is critical to follow patients with limited sclero-
derma closely since these patients tend to present late
in the course of PAH and have lower survival rates
than those with coexistent interstitial fibrosis and
restrictive lung disease.12 On initial evaluation and
subsequent visits, this subgroup of patients should be
asked specifically about cardiopulmonary complaints,
including cough, exertional dyspnea, pedal edema,
chest pain, orthopnea, syncope, and presyncope. 

Findings and symptoms of underlying systemic
autoimmune diseases should regularly be looked for,

including Raynaud phenomenon, telangiectasias,
synovitis, gastroesophageal reflux disease, dyspha-
gia, and others (Table 2). 

Screening tests and recommendations. All
patients with scleroderma should undergo a chest
radiograph, an electrocardiogram, and complete pul-
monary function testing (spirometry, lung volume
tests, and diffusion capacity) at baseline.1 Ungerer et
al4 showed that, among a number of noninvasive
tests studied, a diffusion capacity of lung for carbon
monoxide (DLCO) below 43% of the predicted value
had the greatest sensitivity (67%) for PAH and a
dilated right descending pulmonary artery on chest
radiograph had the greatest specificity (100%) for
PAH. Both interstitial fibrosis and PAH may be asso-
ciated with a decline in DLCO, but a disproportionate
fall in DLCO relative to forced vital capacity should
prompt an evaluation for PAH in patients with the
CREST syndrome.10,12 A DLCO less than 40% of pre-
dicted also portends a worse prognosis.19

Patients with scleroderma should be considered
at high risk for PAH, and a transthoracic echocar-
diogram is recommended at baseline regardless of
whether they have symptoms of PAH. Dyspnea on
exertion or a declining DLCO in the absence of an
alternate explanation, especially in a patient with
an autoimmune disease of 10 years’ or more dura-
tion, should trigger PAH evaluation with repeated
transthoracic echocardiography. 

There are no clear literature-based recommenda-
tions on who should be screened for PAH or how
frequently, but we believe that all patients with scle-
roderma should have yearly pulmonary function
tests and those with a declining DLCO should have
a transthoracic echocardiogram. Some authorities
have recommended yearly transthoracic echocar-
diography for all scleroderma patients.20 In view of
the lower incidence of PAH in patients with sys-
temic lupus erythematosus, rheumatoid arthritis,
and other systemic autoimmune diseases, transtho-
racic echocardiography is recommended only if the
patient has otherwise unexplained symptoms com-
patible with PAH. 

Serologic studies for patients with systemic
autoimmune diseases should be ordered selectively
on the basis of the history and physical examination.
Anticentromere antibody is seen predominantly in
patients with limited scleroderma and may indicate
an increased risk for PAH.3 The presence of antibod-
ies to U3 small nucleolar ribonucleoprotein (U3
snRNP) has been associated with PAH in patients
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TABLE 2
Evaluation for pulmonary arterial hypertension 
in patients with systemic autoimmune disease

History and review of symptoms
Raynaud phenomenon, esophageal reflux, digital
ulcers, vascular bruits, rash, oral ulcers, alopecia,
thyroid examination, lymph node examination,
fever/sweats, edema

Laboratory studies
Complete blood count, coagulation profile, liver
enzyme tests, creatinine phosphokinase, 
urinalysis (with fresh sediment examination),
autoantibody screen directed by history and 
physical examination

Chest radiograph

Electrocardiogram*

Pulmonary function tests*
Spirometry, lung volume tests, diffusion capacity

Ventilation-perfusion lung scan

Echocardiogram*

Right heart catheterization

*Performed routinely at diagnosis and at routine follow-up
intervals as discussed in the text. 
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with scleroderma21 and may be diagnostically useful
in patients suspected of having PAH. The presence
of antiendothelial cell antibodies has been suggested
to predict PAH in patients with systemic lupus ery-
thematosus22; this is an area of ongoing study.
Patients with antiphospholipid antibodies, with or
without systemic lupus erythematosus, may develop
PAH on the basis of occult, chronic thromboembol-
ic disease. Some of these antibodies will also bind to
endothelial cells. Many patients with primary pul-
monary hypertension have elevated titers of antinu-
clear antibodies.23 Debate continues on whether this
represents a forme fruste of systemic lupus erythe-
matosus or scleroderma or whether it is just a labora-
tory feature of primary pulmonary hypertension. 

Role of the cardiologist
The cardiologist has an important role in screening
and managing patients with PAH by excluding car-
diac causes of secondary pulmonary hypertension
(Table 3) and treating any that are identified. 

Pulmonary arterial hypertension associated with
heart disease can be caused by increased pulmonary
blood flow (precapillary pulmonary hypertension)
or by increased pulmonary venous pressure (post-
capillary pulmonary hypertension). Eventually, the
pressure or flow abnormalities cause pulmonary vas-
cular remodeling, which perpetuates increased vas-
cular resistance by further narrowing the pulmonary
arterial tree (mixed pulmonary hypertension).24 The
category of increased blood flow includes the con-
genital heart defects with left-to-right shunt (atrial
septal defect, ventricular septal defect, patent duc-
tus arteriosus, transposition of great vessels, and par-
tial anomalous pulmonary venous drainage) and
conditions associated with an increase in total
blood volume, cardiac output, or both, such as thy-
rotoxicosis and chronic renal failure. 

Left ventricular failure is the most common cause
of pulmonary venous hypertension in both adults
and children. The more common causes of left ven-
tricular dysfunction include coronary artery disease,
cardiomyopathy, mitral valve disease, and diastolic
dysfunction. Some patients with left-to-right shunts
may be clinically asymptomatic, although they usu-
ally complain of fatigue, palpitations, and dyspnea
on exertion and may show signs of cyanosis and car-
diac failure. In contrast, patients with left ventricu-
lar dysfunction present with signs and symptoms
predominantly arising from acute or subacute pul-
monary edema. Examination of the heart and sys-

temic vessels may provide valuable clues about the
nature of the shunt and valvular heart diseases. 

Following a thorough history and physical exam-
ination, selected cardiac studies are performed.
Echocardiography, including a transesophageal
echocardiogram, is an effective means of screening
for the presence of valvular diseases, left ventricular
dysfunction, and septal defects. When appropriate,
computed tomographic scanning or magnetic reso-
nance imaging of the pericardium may be performed
to exclude restrictive and constrictive heart dis-
eases. Right heart catheterization is recommended
for all patients undergoing evaluation for PAH and
is necessary to confirm the presence of PAH and to
establish responsiveness to vasodilator agents. The
right atrial pressure, cardiac index, and mean pul-
monary artery pressure should be noted carefully
because of their prognostic significance.25

■ A COLLABORATIVE TREATMENT MODEL

At our institution, the treatment and follow-up of
patients with PAH is usually performed by the pulmo-
nologists, cardiologists, and nurse PAH coordinators
who make up the PAH team. Once PAH is diagnosed,
the severity of hypertension and the underlying cause
dictate further management. Most pulmonary hyper-
tension centers manage and make treatment recom-
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TABLE 3
Role of the cardiologist in the assessment for
pulmonary arterial hypertension

Exclude cardiac causes of secondary pulmonary 
hypertension:

• Systolic left ventricular failure
—Dilated cardiomyopathy
—Ischemic cardiomyopathy
—Other (alcohol-related, peripartum, familial, etc)

• Diastolic dysfunction
—Hypertensive heart disease
—Constriction
—Restriction

• Valvular heart disease
• Congenital heart disease

Perform diagnostic imaging studies to assess for cardiac 
secondary causes of pulmonary hypertension:

• Echocardiography, including transesophageal
• Right heart catheterization (hemodynamics)
• Computed tomographic scanning or magnetic 

resonance imaging (used selectively)
• Adjunctive ischemia evaluation, including stress

testing or coronary angiography (used selectively)
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mendations for patients with various forms of PAH,
thromboembolic pulmonary hypertension, and PAH
due to inflammatory causes.1 Pulmonary hypertension
caused by most other diseases (chronic obstructive
pulmonary disease, sleep apnea, etc) is treated by
treating the underlying disease.

At our institution, cardiologists from the section
of heart failure perform most right heart catheteri-
zations for PAH patients. Afterwards, patients are
admitted to the heart failure unit if they are deemed
to require continuous intravenous epoprostenol.
The physician directing the PAH team (at our insti-
tution, a pulmonologist or sometimes a cardiologist)
makes treatment decisions on the basis of the type
of PAH, the patient’s functional class, and the
hemodynamic measurements obtained from right
heart catheterization. All treatment decisions are
made in consultation with the other physicians who
are participating in the patient’s care. 

Treatment considerations
Treatment of PAH should include attempts to
reverse any identified contributing factors, which
often brings substantial clinical improvement. For
instance, PAH associated with obstructive sleep
apnea may improve with nasal continuous positive
airway pressure, thromboendarterectomy may be
helpful in treating accessible thromboemboli,26 and

patients with marked right ventricular dysfunction
and edema often respond symptomatically to salt
restriction and diuretics. 

The potential therapeutic and survival benefits of
oxygen supplementation in patients with chronic
hypoxemia should never be overlooked. Supple-
mental oxygen should be prescribed for patients with
chronic lung disease and arterial oxygen pressure
measured below 55 to 60 mm Hg, and for patients
with significant sleep-induced or exercise-induced
hypoxemia.27–29 Warfarin administration has also
been associated with improved survival in patients
with primary pulmonary hypertension.30–32

Surgical treatment, including atrial septostomy
and lung or heart-lung transplantation, may be con-
sidered for patients with severe PAH who do not
respond to other interventions.33–35 In general, the
need for lung transplantation in patients with pri-
mary pulmonary hypertension has declined with the
newer drug therapies (epoprostenol, bosentan, tre-
prostinil, calcium channel blockers, etc) discussed
by Gildea et al earlier in this supplement. Choosing
the appropriate patient as a transplant candidate
and the correct time to refer to a transplant center
are the crucial first steps, taken by the pulmonary
hypertension center, in the transplantation process.

Pulmonary hypertension center 
referral and management
The PAH coordinator is usually the first contact in
the referral process. While most referrals come from
physicians, many patients call the pulmonary hyper-
tension center directly. The PAH coordinator
receives the medical records, reviews test results, and
creates a schedule to complete the evaluation process
in consultation with the pulmonologist. After the
initial physical assessment, the coordinator arranges
any additional testing, a cardiology consultation, and
right heart catheterization, if appropriate. At our
institution, patients with PAH, especially those
receiving epoprostenol infusion, are assigned beds in
select cardiac wards where the nurses are adept at
caring for patients with cardiovascular diseases and
are familiar with epoprostenol infusions. 

When treatment has been determined, the PAH
coordinator offers on-site teaching about the disease
to the patient and his or her family, providing them
with the most recent information (Table 4). The
coordinator also submits information for insurance
verification for PAH treatments and arranges home
nursing and follow-up appointments. 
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TABLE 4
Web sites for patient education on pulmonary
arterial hypertension

Sites specific to pulmonary hypertension

www.phassociation.org
(Pulmonary Hypertension Association)

General health care sites

www.nhlbi.nih.gov/health/public/lung/other/pph.htm
(National Heart, Lung, and Blood Institute)

www.who.int
(World Health Organization)*

www.americanheart.org
(American Heart Association)*

www.clevelandclinic.org/health
(Cleveland Clinic Foundation)*

www.MayoClinic.com
(Mayo Clinic)*

*To obtain relevant information, patients should do a site
search for "pulmonary hypertension."



Patients with PAH require ongoing monitoring of
their medication dosages and screening for side
effects. For instance, intravenous epoprostenol has
been associated with a number of adverse effects that
should be monitored for, and patients receiving
bosentan require liver function tests before therapy is
started and monthly thereafter. The PAH coordina-
tor keeps a log of every event and medication change,
as well as a log of right heart catheterization results. 

As long as patients are on therapy, they return to
our pulmonary hypertension clinic every 2 to 3
months for clinical examination and a 6-minute
walk test. Echocardiography and right heart
catheterization are performed every 6 and 12
months, respectively, as long as patients are pro-
gressing as expected (see article by Gildea et al in
this supplement). Patients’ complaints and concerns

are triaged over the phone by the PAH coordinator
in consultation with the pulmonologist. Patients
who need further attention are seen in the pul-
monary hypertension clinic for evaluation. 

The PAH coordinator provides an invaluable com-
munication link between the patient and the various
physicians involved in his or her care, preventing
redundancy and ensuring that care is timely. The
coordinator also serves a crucial function by coordi-
nating the two essential components of PAH patient
management: (1) the pulmonary hypertension center
physicians and ancillary support (nursing, pathology,
radiology), and (2) the patient’s support network at
home, consisting of local physicians, home care agen-
cies, and family members. Keeping these two compo-
nents mutually informed and working together is a key
to continuing optimal care for the patient.
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