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Abstract

Primary pulmonary hypertension (PPH) is a rare disorder of the lung vascula-
ture characterised by an increase in pulmonary artery pressure. Although the
aetiology of this disease remains unknown, knowledge of the pathophysiology
of the disease has advanced considerably. Diagnosis of PPH is largely by exclu-
sion. The clinical symptoms associated with PPH are aspecific and similar to
those seen in other cardiovascular and pulmonary diseases. Electrocardiography,
echocardiography, pulmonary function tests, and a lung perfusion scan are nec-
essary to exclude secondary forms of pulmonary hypertension and also help to
confirm the diagnosis of PPH. A definite diagnosis of PPH is established by
right-heart catheterisation which gives a precise measure of the blood pressure
in the right side of the heart and the pulmonary artery, right ventricular function
and cardiac output. Once a diagnosis of PPH is established, treatment involving
drug therapy or surgery is commenced on the basis of the New York Heart Asso-
ciation functional class. Conventional treatment consists of lifetime administra-
tion of anticoagulants, oxygen, diuretics, and digoxin. Vasodilator therapy with
calcium channel antagonists is indicated in patients who are ‘vasoreactive’ to
acute vasodilator challenge as assessed by right-heart catheterisation. Promising
results are obtained by continuous intravenous administration of epoprostenol
(prostacyclin). Newer therapies for PPH include prostacyclin analogues, en-
dothelin receptor antagonists, nitric oxide, phosphodiesterase-5 inhibitors,
elastase inhibitors, and gene therapy. Surgical treatment consists of atrial septos-

tomy, thromboendarterectomy, and lung or heart-lung transplantation.

Primary pulmonary hypertension (PPH) is arare
condition with an estimated prevalence of 1 to 2
per million people.['l The disease is often diag-
nosed rather late because the clinical symptoms are
aspecific and the clinical findings on physical ex-
amination are subtle. However, the natural history
of PPH is progressive with a fatal outcome.[>3
Since the 1970s, this condition has received more
attention as a result of an increased incidence of
PPH in patients treated with aminorex fumarate, an
anorectic drug.[! Although the cause of PPH itself
is unknown, the pathology, risk factors and the ge-
netics of the disease are well characterised. Diag-
nosis and assessment of the disease have become
easier and more accurate as a result of advanced
technology.

Medical and/or surgical therapies have made an
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important contribution to quality of life and sur-
vival in patients with PPH. This review reflects the
current state of accepted international medical
practice and clinical research in the area of PPH.

1. Definition

According to the National Institutes of Health
(NIH), PPH is defined as a disorder of the pulmo-
nary vasculature in which the blood pressure in the
pulmonary artery increases above normal for no
apparent reason and is associated with changes in
the pulmonary vasculature resulting in an aug-
mented resistance to the blood flow from the right
heart.1! Clinical diagnostic criteria for PPH, based
on the NIH registry, include a mean pulmonary
arterial pressure (PAP) greater than 25mm Hg at
rest or greater than 30mm Hg during exercise, nor-
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mal capillary wedge pressure, and the absence of
secondary causes.

2. Epidemiology

PPH is a rare condition, with an estimated prev-
alence of 1 to 2 per million individuals and is twice
as common in women as in men.!'1 Childhood PPH
occurs with equal frequency in both sexes.[® Nec-
ropsy studies have shown a prevalence of 1300 per
million.[”] In the US, an estimated 500 to 1000 new
patients with PPH are diagnosed each year. The
incidence of PPH among users of certain appetite
suppressants may be as high as 25 to 50 per million
per year.8! The disease can develop at any age
(mean age at diagnosis is 36 years) the age in men
being slightly higher than that in women; race has
no influence on the risk of PPH.[]

Familial PPH is encountered in approximately
10% of patients.[l The natural history of PPH is
usually progressive and fatal. In patients who are
not treated, median survival is less than 3 years.[?!

3. Pathology

The pathological findings in PPH are not unique
or diagnostic, and include smooth muscle hyper-
trophy of the pulmonary vasculature, intimal hyper-
plasia, and in situ thrombosis. PPH has three dis-
tinct pathological patterns.[!

3.1 Arteriopathy

Arteriopathy is found in approximately 85% of
patients.['] Some patients with isolated medial
hypertrophy of the pulmonary vasculature have
shown an isolated increase in the medial muscle in
muscular arteries and muscularisation of arterioles
without intimal or luminal obstructive lesions and
plexiform lesions.

Plexogenic pulmonary arteriopathy has been
noted in approximately 45% of patients. The latter
arteriopathy is characterised by plexiform and
dilatation lesions of the pulmonary vasculature
accompanied by medial hypertrophy, eccentric or
concentric laminar and non-laminar thickening of

© Adis Infernational Limited. All rights reserved.

the intima, fibrinoid necrosis, arteritis and throm-
botic lesions.

PPH patients with thrombotic pulmonary
arteriopathy show thrombi, eccentric or concentric
laminar and non-laminar intimal thickening, and
varying degrees of medial hypertrophy of the pul-
monary vasculature.

Patients with isolated pulmonary arteritis have
active or healed arteritis limited to the pulmonary
arteries, in the absense of systemic arteritis, vary-
ing degrees of medial hypertrophy, intimal fibrosis
and thrombotic lesions in the pulmonary vascula-
ture.

3.2 Venopathy

Veno-occlusive disease is characterised by inti-
mal proliferation and fibrosis of the intrapulmon-
ary veins and venules. Medial hypertrophy, eccen-
tric and concentric non-laminar intimal fibrosis,
and fibrinoid necrosis of pulmonary arteries are
also present.[!!]

3.3 Microangiopathy

Microangiopathy is characterised by infiltrating
thin-walled blood vessels throughout the pulmo-
nary parenchyma, pleura, bronchi, and the walls of
pulmonary veins and arteries accompanied by in-
timal and medial hypertrophy of pulmonary arteri-
oles and arteries.

The plexiform lesion consists of a mass of dis-
organised blood vessels with proliferating endo-
thelial cells, smooth muscle cells, myofibroblasts
and macrophages, and arises from pre-existing
pulmonary arteries. The plexiform lesion, once
considered pathognomonic for PPH, is also found
in a variety of secondary forms of pulmonary
hypertension. It is unclear whether it represents
impaired proliferation or angiogenesis of the pul-
monary vasculature. Patients with plexogenic pul-
monary arteriopathy seem to be on average 10
years younger and appear to have a worse progno-
sis than those with thrombotic arteriopathy.!'%

The pathological findings in PPH can be graded
on a 6-point scale, which was originally devised
for patients with pulmonary hypertension and
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cardiac septal defects at birth.['?] There is, how-
ever, a lack of correlation between this grading
system and patient survival or PAP.[10.13]

4. Pathophysiology of Primary
Pulmonary Hypertension (PPH)

The aetiology of PPH is unknown. The current
concepts of pathogenesis focus on individual genetic
susceptibility and a trigger that leads to vascular in-
timal injury with secondary intimal hypertrophy,
fibrosis and dysfunction.!'*!16] The stimuli that
may trigger PPH are diverse and include ingested
toxins, drugs, infectious disease and inflammatory
disorders (table I).

Figure 1 depicts the pathophysiology of PPH.
Endothelial cell injury leads to an imbalance be-
tween the production of vasodilators and vaso-
constrictors, resulting in vasoconstriction and
medial hypertrophy.l'416291 Immunohistochemi-
cal studies have shown that vascular endothelial
cells have decreased expression of nitric oxide
(NO) synthase (eNOS; NOS III) and prostacyclin
synthase, while the expression of endothelin-1 is
increased.[14.13.30.31]

Increased expression of endothelin in the pulmo-
nary arteries has been demonstrated in both primary
and secondary pulmonary hypertension.[!5-30]

Platelet activation releases vasoconstrictors
(serotonin, thomboxane A,) and growth factors
and leads to in situ thrombosis.['%2%-32] Abnormal
fibrinolysis and elevated plasminogen activator
inhibitor-1 and fibrinopeptide A plasma levels

Table 1. Stimuli that may trigger primary pulmonary hypertension (PPH)

were found in a number of patients, consistent with
the presence of procoagulant and inadequate fibri-
nolytic activity of plasma.[33-37]

Pulmonary hypertension was reversible in a
patient with an inherited platelet storage disease
and increased plasma levels of serotonin, following
the administration of ketanserin, a serotonin recep-
tor antagonist.38!

A decrease in oxygen tension depolarises the
membrane of smooth muscle cells by inhibition of
the potassium channels, thereby leading to a sec-
ondary intracellular influx of calcium and pulmo-
nary vasoconstriction.[3! Patients who have PPH
may present with pulmonary oedema when ex-
posed to hypoxia, such as in high altitudes.[*0! Re-
cently, it was demonstrated that aminorex and fen-
fluramine also depolarise the membrane of smooth
muscle cells of pulmonary arterioles.*!! Inhibition
of the voltage-regulated (Kv) potassium channels
can also produce pulmonary vasoconstriction in
patients with PPH.[42:43]

Increased expression of growth factors such as
vascular endothelial growth factor and transform-
ing growth factor-f (TGFp) 2 and 3, and angioten-
sin converting enzyme have been shown to play a
role in pulmonary vascular remodelling.[44-46]

About 10% of patients with PPH show an auto-
somal dominant pattern of inheritance.[61 The
clinical transmission of the gene might be based on
expanded trinucleotide repeats and involve abnor-
mal promoter or modifier gene functions. The low

Definite Very likely Possible Unlikely
Drugs and toxins associated with PPH
Aminorex!*l Amphetamine Meta-amphetamines!'”] Antidepressants

Fenfluraminel'®!
Dexfenfluraminef?'!
Toxic rapeseed oill?4]
Demographic and medical conditions associated with PPH
Gender

L-tryptophane!'®!
Glue (toluene)??

Diseases associated with PPH
HIV1 infectionl?6]

Portal hypertension/liver diseasel?”)
Collagen vascular diseases

Cocaine?”
Chemotherapeutic agents!?®

Oral contraceptives
Estrogen therapy
Cigarette smoking

Pregnancy!?!
Systemic hypertension

Obesity

Thyroid disorders!??]
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| Toxins, drugs, shear stressT, inflammation, ischaemia |

I

! Endothelial injury, thickening, fibrosis, dysfunction |
Platelet activation l
— | Fibrinolysis

T Factor VI / vVWF

A
Procoagulation

Imbalance Vasodilators (NO, epoprostenol)

Vasoconstrictors (TXA,, endothelin, serotonin)
Growth factors and cytokines

|

Vasoconstriction, medial hypertrophy |

A4

!

In situ thrombosis |

Increase in shear stress and vascular injury |

!

| Vascular remodelling intima, media, adventitia |

!

1 Arteriopathy, venopathy, microangiopathy |

Fig. 1. The pathogenesis and pathophysiology of primary pulmonary hypertension (PPH). NO = nitric oxide; TXAz = thromboxane

Az; VWF = von Willebrand’s factor.

penetrance of this gene confers only about a 10 to
20% likelihood of developing the disease.!7]

In familial primary pulmonary hypertension,
the age of onset of the disease is variable. Further-
more, there are fewer males born to PPH families
compared with the general population, indicating
decreased fertilisation or increased loss of male
fetuses.[*8] The clinical and pathological features
of familial and sporadic PPH are identical. A com-
plete family history should be obtained for every
patient with PPH in order to explore the possibility
of familial disease. The likelihood of a first degree
relative being affected, when only a single person
in a family has PPH, is estimated at 0.6 to 1.2%. In
the case where two members of a family are af-
fected with PPH, this risk increases to 5 to 10%.
Children of an affected parent have a 5 to 10%
lifetime risk of developing the disease.[*%]

Recently, the gene for PPH was mapped to
2q31-33 and mutations were reported in the
BMPR2 gene, which encodes the type II bone
morphogenetic protein receptor.’0-331 It is a cell-
surface receptor belonging to the superfamily of
receptors for ligands of TGFp family. Binding of

© Adis Infernational Limited. All rights reserved.

ligands results in phosphorylation of cytoplasmic
transcription factors, which alter gene transcrip-
tion. Bone morphogenetic proteins 2 and 7 have been
shown to inhibit vascular smooth muscle-cell pro-
liferation and to induce apoptosis in some cell types
in culture.*35] PPH may result from impaired
control of cellular proliferation. Endothelial and
smooth muscle cells are unable to respond to injury
normally and proliferate, narrowing the precapil-
lary arteries and forming the plexiform lesion.

Trembath et al. investigated the genetic basis of
lung disease in patients with hereditary haemor-
rhagic telangiectasia, as such patients may have
pulmonary disease indistinguishable from PPH.
They found that pulmonary hypertension in asso-
ciation with hereditary haemorrhagic telangiecta-
sia can involve mutations in activin-receptor-like
kinase 1 (ALK 1), which is located on chromosome
12q13. These mutations are associated with diverse
effects such as the vascular dilatation characteristic
of hereditary haemorrhagic telangiectasia and the
occlusion of small pulmonary arteries charac-
teristic of PPH.[5¢
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5. Survival and Natural History of PPH

For patients with PPH who are not treated with
vasodilators or anticoagulation, the median period
of survival after diagnosis is 2.8 years.[l:57] Predic-
tors of survival include haemodynamic indicators
of disease severity such as mean pulmonary arterial
pressure (PAP), right atrial pressure, cardiac index,
and mixed venous oxygen saturation, as well as
New York Heart Association (NYHA) functional
class, anticoagulant therapy and response to vaso-
dilators.['l Anticoagulants double the 3-year sur-
vival rate, and patients who respond to calcium
channel antagonists have a 5-year survival rate of
95%.1581 The 5-year survival rate in patients with
NYHA functional class III and IV and treated with
epoprostenol (prostacyclin) was twice that of
matched historical controls (54 and 27%).15%

6. Diagnosis and Assessment

6.1 Symptoms and Physical Findings

It is difficult to determine the onset of PPH
based on the age at which the diagnosis is made or
the severity of symptoms. PPH is more common in
women between the ages of 21 and 40 years; how-
ever, anyone at any age can be affected. Initial
symptoms may be very minor, so that diagnosis
may be delayed for several years until symptoms
become worse. Early clinical symptoms are tired-
ness, shortness of breath, dizziness, and fainting.
Other clinical signs include oedema of the lower
limbs, bluish lips and skin, angina-like chest pain,
palpitations and dysphonia (Ortner’s syndrome).
Advanced disease is associated with severe clinical
symptoms precipitated with minimal activity or
even at rest.

Since the symptoms and signs of PPH can also
be found in other cardiovascular syndromes and
lung diseases, a definite diagnosis of PPH is diffi-
cult to make in a routine medical examination. The
mean time between the onset of the symptoms and
disease diagnosis is 2 years.

The most common clinical sign is tachypnoea,
a weak pulse and peripheral cyanosis, indicative of
low cardiac output. Pulmonary auscultation is

© Adis Infernational Limited. All rights reserved.

normal. Cardiac auscultation reveals an increased
second heart sound at the pulmonary site, a murmur
from tricuspidal regurgitation or, less often, from
pulmonary regurgitation. Oedema, hepatomegaly,
hepato-jugular pulse and ascites are present in
patients with advanced stage disease. [5-601

A retrospective study in 40 patients with PPH
(mean age 43.5 years) showed a prevalence of hy-
pothyroidism (defined as a thyroid-stimulating
hormone level of >5.5 U/L, intake of thyroid sup-
plement, or a low thyroxine level) in 22.5% of pa-
tients, which is much more than in the general pop-
ulation of the same age. The authors concluded that
patients with PPH should be investigated for the
possibility of hypothyroidism.[®!] A small study ex-
amined ocular findings associated with PPH, retro-
spectively. It was found that elevated venous pres-
sure in PPH was responsible for delayed choroidal
perfusion and reduced venous blood outflow lead-
ing to venous stasis retinopathy and choroidal de-
tachments in PPH patients.[02]

The current standard for the diagnosis of PPH
consists of a thorough history and physical exami-
nation, as well as technical investigations.

6.2 Technical Investigations

A tentative diagnosis of PPH can be made after
the following investigations (figure 2).

6.2.1 Electrocardiogram

The electrocardiogram may show right auricu-
lar and ventricular hypertrophy with strain and
may show evidence of underlying cardiac dis-
ease, if present. Cardiopulmonary function tests,
such as cyclo-ergometry or treadmill testing, can
be performed to evaluate the functional class and
haemodynamic status during exercise.

6.2.2 Chest X-Ray

The chest x-ray is abnormal in 90% of patients
with PPH and often shows dilation of the proximal
pulmonary arteries with pruning, and dilation of
the right heart. Additional cardiac, pulmonary and
thoracic wall and/or spinal abnormalities can be
present in patients with secondary pulmonary hy-
pertension. [63]
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Signs & symptoms suggestive of PH |

* ECG, chest x-ray, echocardiography, lab

» V/Q scan, pulmonary angiography or MRI or CT scan
¢ Pulmonary function testing

» Cardiopulmonary exercise testing

o Lung biopsy

| Exclusion of secondary PH |

!

| Tentative diagnosis of PPH |

|

| Cardiac catheterisation |

|

| Confirmation of diagnosis of PPH and guidance of therapy |

Fig. 2. Algorithm for the assessment of primary pulmonary hy-
pertension (PPH). CT = computed tomography; ECG = electro-
cardiogram; lab = laboratory investigations; MRI = magnetic
resonance imaging; PH = pulmonary hypertension; V/Q scan =
ventilation-perfusion scan.

6.2.3 Echocardiography

Doppler echocardiography is an important non-
invasive technique that will exclude left-sided
heart disease (e.g. mitral stenosis, myxoma), con-
genital heart disease or pericardial diseases. In
PPH it will confirm enlargement of the right heart,
right ventricular hypertrophy, and evaluate right
ventricular performance, paradoxical septal move-
ment, tricuspid and pulmonary valve regurgitation,
shortened right ventricular outflow tract accelera-
tion time, and flow reversal in the hepatic vein.
Doppler echocardiography is useful for monitoring
pulmonary arterial pressures, for measuring the
peak flow velocity of the tricuspid regurgitation
and for calculating the instantaneous PAP utilising
the Bernouilli equation.[64]

6.2.4 Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) gives infor-

mation on the right atrial, ventricular and pulmo-
nary artery morphology and on right ventricular
function.[63)

© Adis Infernational Limited. All rights reserved.

6.2.5 Computed Tomography

Computed tomography (CT) of the chest
gives information similar to that with MRI.
High-resolution CT also gives an indication of
the lung parenchyma and the presence of pulmo-
nary veno-occlusive disease.[66]

6.2.6 Ventilation-Perfusion Scan

A ventilation-perfusion (V/Q) scan needs to be
performed to exclude proximal thromboemboli. In
contrast to the multiple larger perfusion defects
typical of chronic, major vessel thromboembolic
pulmonary hypertension, PPH has a patchy perfu-
sion defect pattern.[67]

6.2.7 Pulmonary Angiography

Pulmonary angiography can be performed to
differentiate PPH from thromboembolic PH. How-
ever, the procedure is risky in patients with pulmo-
nary hypertension, and several conditions must
be fulfilled to keep this risk as low as possible
(table 11).168.69]

6.2.8 Pulmonary Function Tests and

Cardiopulmonary Function Testing

Pulmonary function tests and cardiopulmonary
function testing will be performed mainly to eval-
uate possible intrinsic pulmonary disease and to
assess the haemodynamic status of the patient. Pa-
tients with PPH often have restricted lung function
due to increased stiffness of the lungs induced by
structural changes and increased pressure in the

Table Il. Prerequisite conditions for performing pulmonary angio-
graphy in patients with primary pulmonary hypertension

Be sure of the indication to do a pulmonary angiography
Patients need to be in a stable condition

Patients should be devoid of systemic hypotension or
haemodynamically significant arrhythmias

Renal failure or other organ failure are contraindications

Femoral veins should not be used for access because of risk of
emboli

Oxygen should be administered during the entire procedure of
pulmonary angiography
Use of analgesia should be kept at a minimum

Optimal positioning of the patient and correct radiological
technique are essential to minimise the number of injections
administered

Ensure stable positioning of the catheter
Non-ionic contrast agents are recommended

Biodrugs 2001; 15 (12)



808

De Backer et al.

pulmonary arteries. On average, the vital capacity
in patients with PPH is 86% of the expected
value. Diffusion of carbon monoxide is slightly
dereased (60 to 80% of normal range) and arterial
blood gas analysis shows mild hypoxaemia and
respiratory alkalosis. Cardiopulmonary function
testing gives information on the clinical status
and on functional capacity and may have prog-
nostic significance.[’"1 There is a decrease in the
peak oxygen uptake (VOymax). The 6-minute walk
test is usually preferred. The maximal distance
walked is directly related to the severity of the
disease.

6.2.9 Laboratory Examinations

Laboratory examinations should consist of a
complete blood cell count, documentation of auto-
antibodies for exclusion of connective tissue dis-
eases (antinuclear antibodies, anti-Ku antibodies)
antibodies to HIV-1, renal, liver and thyroid func-
tion tests, and arterial blood gases.[7!]

6.2.10 Lung Biopsy

Although pathological assessment of the lung
may give insights into the histopathological char-
acteristics of conditions associated with pulmonary
hypertension, lung biopsy is risky and is not used
routinely for the diagnosis of PPH. Lung biopsy
usually does not provide additional clinically use-
ful information over careful noninvasive and haemo-
dynamic assessment, in most patients. It may be
desirable in specific cases of secondary PH.4]

6.2.11 Right Heart Catheterisation

A definite diagnosis of PPH is established by
right-heart catheterisation. Heart catheterisation
gives data on right atrial pressure, right ventricular
systolic and end-diastolic pressure, PAPs, pulmo-
nary capillary wedge pressure, mixed venous oxy-
gen saturation, cardiac output, differentiating
PPH from other cardiac disorders. PPH is pri-
marily a disease of the small muscular pulmonary
arteries and arterioles that are < 500 to 1000um in
diameter. These histological findings have been
confirmed by bedside haemodynamic evaluation
of pulmonary artery occlusion pressure decay
curves, which suggest that there are no structural

© Adis Infernational Limited. All rights reserved.

changes important enough to increase the resis-
tance of larger diameter pulmonary arteries.[”?!

Acute testing of the vasodilating capacity of the
pulmonary vessels is recommended.”3! Vasodila-
tors currently used to assess vasoreactivity are in-
travenous epoprostenol (prostacyclin), intravenous
adenosine and inhaled nitric oxide (NO). Patients
who are responsive to acute vasodilator testing
[>10% decrease in mean PAP and > 30% decrease
in pulmonary vascular resistance (PVR)] may
benefit from therapy with oral calcium channel
antagonists.8

7. Treatment

Since PPH is a rare and complex disorder, it is
recommended that patients are referred to a centre
with experience in the management of the disease.

7.1 Medical Therapy

7.1.1 General Measures

Precautions should be taken to prevent aggra-
vation of the disease state. Pulmonary infections
must be aggressively treated and vaccination
against influenza virus infection must be consid-
ered. Exercise may lead to sudden death. Isometric
exercises must be limited and exercise in general
must be guided by clinical symptoms such as an-
gina and syncope. Vasoconstrictive stimuli such as
high altitude must be avoided since they worsen
PPH or may lead to pulmonary oedema.!*%) Oxygen
supplementation may be advisable when flying in
airplane cabins, since they are pressurised to a cor-
responding altitude of 1500 to 2500m. Pregnancy
is poorly tolerated in women with PPH and should
be avoided by effective birth control methods.
Some studies suggest that oral contraception can
worsen pulmonary hypertension.!?5:74 The latter fact
has however, not been confirmed in more recent
studies in which women used oral contraceptives
containing a lower dosage of estrogens.[6-8:57]

7.1.2 Anticoagulation

Patients with PPH are at increased risk of throm-
boembolic events. Patients receiving anticoagu-
lants show improved survival compared with pa-
tients not receiving anticoagulants.’”1 Lifelong
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anticoagulation with an international normalised
ratio (INR) of 2 to 3 and regular monitoring are
recommended. When contraindications to warfarin
exist, dose-adjusted heparin is a suitable alterna-
tive, maintaining the activated partial thrombo-
plastin time (aPTT) at 1.3 to 1.5 times the normal
value.[37.7]

7.1.3 Diuretics

Diuretics are useful in patients with right-heart
failure to reduce the increased intravascular vol-
ume and hepatic congestion. However, the right
heart is highly preload dependent and exaggerated
diuresis should be avoided, since this can lead to a
drop in cardiac output and compromise the use of
vasodilators. Diuretic therapy is started at low dos-
ages and the dosage is increased as guided by
physical findings and renal function.[76-77]

7.1.4 Digoxin

The efficacy of cardiac glycosides in PPH in
humans is unknown and the risk of toxicity is
increased in the presence of hypoxaemia and
diuretic-induced hypokalaemia. Therefore, the use
of digoxin in the treatment of PPH is mostly
restricted to patients with concomitant left ven-
tricular heart failure. Digoxin may compensate the
possible negative inotropic effects of concomitant
calcium antagonist therapy.!76-781

7.1.5 Oxygen Therapy

Hypoxaemia contributes to the pulmonary vas-
cular damage due to hypoxic pulmonary vasocon-
striction. Oxygen is administered only when there
is significant arterial oxygen desaturation (arterial
O, saturation < 90%, oxygen partial pressure in
arterial blood (PaO,) < 60mm Hg ) at rest or during
exercise. However, oxygen therapy will only be
beneficial if there is a decrease in the mixed venous
oxygen content or a decrease in the ventilation :
perfusion ratio, but will not improve the hypoxia
related to a shunt. Oxygen lowers the PAP and
increases the oxygen delivery while the systemic
arterial pressure remains unchanged, reducing
stimuli for hypoxic vasoconstriction and second-
ary erythropoiesis. Patients with severe right-sided
heart failure and hypoxaemia at rest need continu-
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ous oxygen therapy. The goal of oxygen therapy is
to obtain and maintain an arterial oxygen satura-
tion above 90 to 92%. The systemic arterial oxygen
saturation is an important factor for survival.[76:7°]

7.1.6 Vasodilators

Vasodilator treatment is recommended in pa-
tients who are ‘vasoreactive’ to acute vasodilator
therapy.!13-76:80-821 The rationale for the use of vaso-
dilator drugs is to reduce vasoconstriction, leading
to a reduction in right ventricular afterload and
an increase in right ventricular output. Several
systemic vasodilators such as nifedipine,83:84
diltiazem,!%5] amlodipine,[3] hydralazine,[37-38]
nitroprusside, %! nitrates,!°*! and epoprostenol [°1-93]
also have pulmonary vascular effects. The aim of
vasodilator treatment is to reduce PAP and to in-
crease cardiac output without symptomatic sys-
temic hypotension. This effect is achieved in about
25% of the patients. In approximately 50% of the
patients, cardiac output increases without a de-
crease in PAP. In the remaining patients, vasodila-
tors are strictly contraindicated because of the
potential lethal risk of severe reduction in systemic
blood pressure (systemic hypotension) associated
with either a decrease or an increase in PAP, and a
decrease, an increase or no change in cardiac out-
put.

The course of PPH varies widely. Therefore,
therapy must be individualised. During right-heart
catheterisation, a short-acting titratable vasodila-
tor such as intravenous epoprostenol®*%71 adeno-
sinel®391 or acetylcholinel!19%-1011 js administered
to establish vasoreactivity. Approximately 25 to
30% of the patients who experience a reduction in
PAP and resistance with or without an increase in
cardiac output will respond to oral calcium chan-
nel antagonists.[38:1921 The dose of nifedipine is
titrated upwards, hourly, until the maximal haemo-
dynamic effect is obtained or until adverse effects
appear. Sustained-release nifedipine 120 to 240
mg/day is often prescribed. In the presence of a rest-
ing tachycardia or significant systemic hypoten-
sion, diltiazem 120 to 900 mg/day is preferred.

The adverse effects of calcium channel antag-
onists consist of a reduction in cardiac output,
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systemic hypotension, and oedema. The latter symp-
toms have to be differentiated from right-heart
failure. In certain patients, worsening of the arte-
rial hypoxaemia can occur because of an increase
in the V/Q mismatch, by increasing right to left
shunting through a patent foramen ovale, or by de-
creasing the mixed venous saturation as a result of
a decrease in systemic perfusion.

Nitrates, [l hydralazine,[37-38] diazoxide,!13-105]
and ACE inhibitors[196:1971 have been used in the
management of PPH, but data are limited and the
clinical usefulness of these drugs is limited because
of frequent systemic hypotension.

If oral vasodilator therapy is not indicated or is
not beneficial, or if patients with PPH become re-
fractory to treatment with calcium channel antago-
nists, a low dose of intravenous epoprostenol may
be administered via a Hickman catheter and infu-
sion pump.[?1-93:108] [ntravenous epoprostenol is a
very potent pulmonary vasodilator and a potent
platelet inhibitor. The starting dose is 2 to 12
ng/kg/min as a function of tolerance. Continuous
intravenous epoprostenol increases exercise toler-
ancel!%! and survival, and is a bridge to transplan-
tation. The complications induced by epoprostenol
therapy are mostly associated with the delivery
system and include catheter-related infections,
thrombosis and temporary interruption of the infu-
sion. Clinically relevant adverse effects are flush-
ing (in all patients), dose-dependent headache, in-
digestion (may be a precursor to a vasovagal
reaction), and diarrhoea. All these adverse effects
resolve spontaneously within 5 to 10 minutes of
stopping the administration of epoprostenol. Long
term epoprostenol treatment with upward dose ti-
tration can lead to increased cardiac output, which
returns to normal with a reduction in the drug dose.
Dosage adjustments can be performed without
rebound pulmonary hypertension or worsening of
the clinical condition.[''1 One case report de-
scribed the development of nonspecific interstitial
pneumonitis in a young woman after long-term
treatment (5 years) with prostacyclin.[!!!]
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7.2 Surgical Therapy for PPH

7.2.1 Atrial Septostomy

This palliative procedure is considered investi-
gational and may present an option for selected pa-
tients with severe PPH who experience recurrent
syncope and/or right ventricular failure, despite
maximal medical therapy.['>!131 A study by re-
searchers in Mexico City, reported prolonged sur-
vival in a group of 15 patients with PPH treated
with this surgical procedure.[!'*] A right-to-left
shunt in the atria allowed decompression of the
right heart and improved filling and function of the
left ventricle.[!2113] Atrial septostomy may also
serve as a bridge to transplantation in patients
with PPH that has not responded to maximal med-
ical therapy.

The procedure-related mortality is high, and
atrial septostomy should therefore be attempted
only by persons with experience. Predictors of pro-
cedure-related failure or death are a mean right
atrial pressure of more than 20mm Hg, a PVR index
of more than 55 U/m?, or a predicted 1-year sur-
vival rate less than 40%.1'13] Candidates for atrial
septostomy should have a systemic arterial oxygen
saturation greater than 90% on room air. The pro-
cedure should be performed in a stepwise manner,
creating the smallest possible septal defect that will
produce haemodynamic changes. The endpoint
should be a 5 to 10% reduction in systemic arterial
oxygen saturation. Before and after septostomy,
transfusion of packed red blood cells or the use of
erythropoietin may be necessary to increase oxy-
gen delivery. Long-term anticoagulation is also
recommended.

7.2.2 Transplantation

Transplantation is an effective treatment for pa-
tients with advanced pulmonary hypertension, re-
sulting in a significant improvement in quality of
life and life span.l''® Since 1981, approximately
1000 patients worldwide have undergone single-
lung, double-lung or heart-lung transplantation for
pulmonary hypertension. Ages of transplant recip-
ients have ranged from 2 months to 61 years. PPH
recipients of single-lung transplants have a greater
mortality rate compared with patients undergoing
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transplantation for other conditions, However,
recipients of double-lung or heart-lung transplants
have shown mortality rates comparable to those
seen in patients undergoing transplantation for
other conditions.[!!71 The major long-term compli-
cation of lung transplantation, obliterative bronch-
iolitis, occurs more often in patients who undergo
transplantation because of PPH.[!13] Recurrence of
PPH after transplantation has not been reported.
One-, 3- and 5-year survival rates of 70 to 75%, 55
to 60% and 40 to 45%, respectively, have been re-
ported after transplantation in patients with
PPH.[119T Patients in NYHA functional class I1I to
IV and those not responding to medical therapy,
particularly epoprostenol, should be referred for
transplantation. The current median waiting time
to transplantation is 18 months because of donor
shortage and an ever-increasing number of patients
with PPH requiring transplantation.

8. Newer and Future Therapies for PPH

8.1 Prostanoids

Stable analogues of epoprostenol for subcutane-
ous administration, oral intake or inhalation are
under development.

Uniprost, a prostacyclin analogue, is adminis-
tered subcutaneously by a small pump, remains
stable at room temperature, and is associated with
a lower risk of infections. McLaughlin and Rich!120!
observed a decrease in mean PAP, a decrease in
PVR and an increase in cardiac output, after the
administration of uniprost to patients with PPH.
However, uniprost may not be as effective as
epoprostenol and skin reactions can develop.[!20]

Beraprost is a prostacyclin analogue that is
well absorbed after oral administration and has a
short half-life and therefore needs frequent admin-
istration. Short-term beneficial effects on haemo-
dynamics and exercise tolerance have been shown.
Beraprost improves survival in outpatients with
PPH compared with conventional therapy only.['2!]
A multicentre, prospective, randomised clinical
trial in 110 patients with primary and secondary
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pulmonary hypertension (NYHA classes II to IV)
is ongoing. There are no data available yet.

Terbogrel is a thromboxane synthetase inhibitor
and receptor antagonist administered orally, with
positive effects on pulmonary haemodynamics.
However, an international study by Christman et
al.l221 was prematurely stopped because of a high
incidence of leg pain in the treated group.

Iloprost is a more stable form of prostacyclin that
requires nebulisation and frequent administration.
It is effective as an acute vasodilator.l!231241 A
randomised controlled trial in 200 patients with
primary and secondary pulmonary hypertension
(NYHA classes II to IV) is ongoing. Simultaneous
pulsatile inhalation of NO and aerosolised ilo-
prost has been recently described, with an additive
beneficial effect on the reduction of pulmonary
pressure.l123]

8.2 Endothelin Receptor Antagonists

The endothelin-A (ET-A) receptors on smooth
muscle cells mediate vasoconstriction and smooth
muscle-cell proliferation, while the endothelin-B
(ET-B) receptors mediate clearance of endothelin
from the circulation. On vascular endothelial cells,
the ET-B receptor mediates vasodilatation by pro-
duction of NO. Therefore, it may be preferable to
block the ET-A receptor and to preserve the ET-B
receptor in the treatment of pulmonary hyperten-
sion. Endothelin receptor antagonists may be se-
lective or nonselective and ongoing clinical trials
examining both types of receptors may reveal the
exact role of these receptors related to PPH.[126-129]

Bosentan is an orally active endothelin receptor
antagonist administered to patients with PPH.
Compared with placebo, bosentan increases the
6-minute walking distance and cardiac index,
and decreases mean PAP and mean PVR in patients
with PPH.[128]

Sitaxsentan sodium is an orally active ET-A
receptor antagonist. It increases the 6-minute
walking distance and cardiac index, and decreases
mean PAP and mean PVR in patients with PPH.
Sitaxsentan sodium may also be of value in pulmo-
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nary hypertension secondary to chronic heart fail-
ure.[129]

8.3 Nitric Oxide and Cyclic Guanosine
Monophosphate

NO inhalation has also been used in the treat-
ment of pulmonary hypertension.!!3%-135] Since NO
is rapidly inactivated by haemoglobin, the vaso-
dilating effect is restricted to the pulmonary vas-
culature, resulting in reduced PAP without sys-
temic vasodilatation. NO, used in low doses with
continuous monitoring, is a safe new therapeutic
option in the treatment of PPH. A dose of 10 ppm
is well tolerated and gives a maximal effect, similar
to the effect of epoprostenol. [130] Unlike epopros-
tenol, NO does not induce any systemic adverse
effects but a moderate increase in methaemoglo-
bin levels can occur.l'371 NO reverses pulmonary
hypertension by dilation of the pulmonary vascula-
ture. Experiments have shown that NO hyper-
polarises pulmonary artery myocytes and decreases
cytosolic calcium by activating Kv channels. NO is
used in the treatment of neonates with pulmonary
hypertension and hypoxia and is a short-term ther-
apy for patients with the acute respiratory distress
syndrome. Its long-term use and effects need to be
investigated.

NO donors such as L-arginine and substance P
have a beneficial effect on pulmonary haemody-
namics.[!38:1391 These agents are under intense in-
vestigation.

Phosphodiesterase-5 (PDE-5) inhibitors also
have potential in the treatment of pulmonary hyper-
tension. Dipyridamole, a cyclic guanosine mono-
phosphate (cGMP) phosphodiesterase inhibitor
tested mostly in secondary forms of pulmonary
hypertension, has proved effective in some pa-
tients.!140-1431 Sildenafil is a selective, potent inhib-
itor of the enzyme cGMP-specific phosphodiester-
ase type 5, which inhibits the degradation of
cGMP. It may have beneficial effects as a pulmo-
nary vasodilator in patients with pulmonary hyper-
tension, as reported recently in a child and an adult
patient with PPH.[144.145] Sildenafil has also been
shown to ameliorate withdrawal effects of inhaled
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NO.[146] Further prospective studies on the role of
sildenafil in the management of PPH are necessary.

8.4 Elastase Inhibitors

Pulmonary hypertension is associated with in-
creased elastase activity. Animal models have
shown elastase inhibitors to have a positive effect
on vascular remodelling.['47-148] These drugs are
still experimental.

8.5 Potassium Channel Openers

In animal experiments, mostly rat models, po-
tassium channel openers such as pinacidil have
demonstrated relaxation of pulmonary arteries.
Their vascular relaxant effects are not selective for
the pulmonary vasculature but have also been ob-
served in the aorta.[!4%159] Further studies are nec-
essary to define the place of K* channel openers in
the treatment of PPH.

8.6 Gene Therapy

Genes carried by adenovirus vectors have been
transfected into the airways and small pulmonary
arteries by nebulisation. In experimental studies,
genes, which carry prostacyclin synthase!'>!! and
NOSI!52I have resulted in a reduction of PAP. There
are still some concerns about the possibility of sus-
tained expression of the genes and the risk of in-
flammatory reactions to the vectors. Other vector
types are currently being studied.[47-153-156]

9. Conclusion

PPH is a rare but severe disorder in mainly
young to middle-aged individuals, and is charac-
terised by raised PVR and PAP. The mean survival
time from onset of symptoms is 2 to 3 years. The
aetiology of PPH is unknown. However, several
predisposing factors and a genetic predisposition
have been reported. Pathogenesis mainly involves
vasoconstriction of the pulmonary vasculature,
vascular remodelling and in situ thrombosis caused
by abnormal interactions between the pulmonary
vascular endothelium, smooth muscle cells and
platelets. These complex mechanisms associated
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with disease pathogenesis are under investigation
at cellular, biochemical and genetic levels and
could lead to an improvement in conventional ther-
apy and the advent of new drugs and delivery meth-
ods for the treatment of pulmonary hypertension.
Newer promising treatments are prostacyclin ana-
logues, endothelin receptor antagonists, NO, phos-
phodiesterase inhibitors and elastase inhibitors.
Gene therapy holds great promise. There is a strong
possibility that, in the future pulmonary hyperten-
sion could be managed by combined therapy. In the
treatment of patients with PPH, quality of life is-
sues are as important as prolongation of survival
and improvement in pulmonary haemodynamics.
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