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Review

Pulmonary hypertension in infancy and childhood
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Abstract In this review, we discuss current concepts in the pathogenesis and management of pulmonary
hypertension affecting infants and children, with special focus on left-to-right shunting, bronchopulmonary
dysplasia, and primary pulmonary hypertension.

In patients of these ages, functional aspects, such as an imbalance between vasoconstricting and vasodilating
mechanisms, and morphological alterations of the vessel wall, contribute to the pulmonary hypertension. In the
past decades, strategies have emerged for treatment that are targeted at the pathophysiological basis. Thus,
in patients with left-to-right shunting and pulmonary hypertension after intra-cardiac repair, treatment with
nitric oxide has been introduced effectively, while treatment with prostanoids, such as iloprost, is under inves-
tigation. In patients with pulmonary hypertension and bronchopulmonary dysplasia, therapeutic strategies
focus on the underlying chronic lung disease and use of vasodilators. The pathogenesis of primary pulmonary
hypertension in children remains as yet unclear, although treatment with prostanoids has proven effectively to
improve the long-term prognosis.
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This has five main categories based on common

ULMONARY HYPERTENSION, WHEN ENCOUNTERED
clinical features:?

in children, accompanies several conditions
that can affect the lung or the pulmonary cir-
culation proper. Pulmonary hypertension itself has ® Pulmonary arterial hypertension.
been defined as an increase in mean pulmonary arte- ® Pulmonary venous hypertension.
rial pressure greater than 25 mmHg at rest, or greater ® Pulmonary hypertension associated with disor-
than 30 mmHg with exercise at cardiac catheter- ders of the respiratory system and/or hypoxemia.
isation.! The definition was established in adults, but ® Pulmonary hypertension resulting from chronic
has been adopted for children and infants.” thrombotic and/or embolic disease.
The hypertension is considered to be primary when- ® Pulmonary hypertension resulting from disorders
ever the elevation in pulmonary arterial pressure can- directly affecting the pulmonary vasculature.
not be explained by any known cause, or as secondary
whenever there is a coexisting disease that can account
for the increase in pressure. In 1998, the World
Health Organisation proposed a new classification:

Most children with pulmonary hypertension usu-
ally present with pulmonary arterial hypertension, as
in persistent pulmonary hypertension of the neonate,
left-to-right shunting, or primary pulmonary hyper-
tension, or they can be assigned to the group of patients
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with pulmonary hypertension resulting from respi-
ratory disorders, as in bronchopulmonary dysplasia.
In pulmonary hypertension associated with left-to-
right shunting or neonatal lung disease, the pulmonary
circulation is affected early in life: the physiological
process of postnatal structural remodelling of the pul-
monary vasculature® is then distorted. The resistance
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to pulmonary perfusion, which usually falls to one-
tenth of the resistance that can be found in the sys-
temic circulation,” may remain at a high level. Besides
structural remodelling of the vessel wall, functional
aspects play an important role in regulating the pul-
monary vascular tone. Both active and passive factors
influence the balance between vasoconstriction and
vasodilation under physiological conditions, as well
as in diseases associated with pulmonary hyperten-
sion (Fig. 1).6

Oxygen is the most important vasodilating sub-
stance for the regulation of pulmonary vascular tone.
Its precise mechanism of action remains to be eluci-
dated, but purinergic receptors may participate in the
mechanism of oxygen-induced pulmonary vasodila-
tion.” How the pulmonary vasculature “senses” the
decreased tension of oxygen, and how this signal is
coupled to initiate the contractile response of the
smooth muscle cell, is presently undetermined. Recent
studies suggest that the electron transport chain
could serve as a sensor of oxygen in acute hypoxic
pulmonary vasoconstriction.®? Hypoxia induces the
expression of several transcription factors, such as
hypoxia-inducible factor-1, which in turn activates
the expression of endothelin-1 in vascular endothe-
lial cells.'® Endothelin-1 is a peptide hormone with
dual effects on the pulmonary smooth muscle cell.
When coupling to the receptor subtype B on the
endothelial cell, it leads to production of nitric oxide,
followed by smooth muscle relaxation. When bind-
ing to the receptor subtype A on the smooth muscle
cell, it causes long lasting vasoconstriction. Levels of
endothelin-1 are increased in the plasma from patients
with primary pulmonary hypertension.'!

Atrial natriuretic peptide is a pulmonary vasodila-
tor.® Levels of this peptide have been correlated with
the right ventricular afterload found in patients with
pulmonary hypertension.'? Nitric oxide is produced
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Figure 1.

Important factors influencing the pul-
monary vascular tone. Gaseous, humoral
and neural factors influence the balance
berween vasoconstriction and vasodilation.

by vascular endothelial cells in response to shear stress
produced by the flow of blood. It is an important pul-
monary vasodilator, and its role in pulmonary hyper-
tension has been recently reviewed.'? Prostacyclin is
synthesised in the endothelial cell from arachidonic
acid through the cyclooxygenase pathway.'* The very
short half-life of prostacyclin suggests that it acts as a
local hormone with vasodilating capacity. The main
pharmacological properties of prostacyclin include
inhibition of platelet activation, vasodilation, and pos-
sibly cytoprotective effects.!” These pharmacological
properties have led to the concept of treating patients
with pulmonary hypertension with prostanoids, such
as prostacyclin, beraprost sodium or iloprost.
Innervation of the pulmonary arterial blood vessels
by adrenergic nerves (Fig. 1) exerts an important pre-
dominant vasoconstricting activity.® Increased sympa-
thetic activity, as seen after intra-cardiac repair, may
therefore lead to pulmonary arterial vasoconstriction.

Pathology of pulmonary vascular disease

The pathological alterations in pulmonary vascular
disease have been intensively studied.'®2° The disease
process is characterised by hypertrophy and hyper-
plasia of smooth muscle cells in the media, cellular
intimal proliferation, accumulation of fibrous tissue
in the intima, and eventual formation of so-called
plexiform lesions (Fig. 2).21

Although the precise mechanism of the develop-
ment of plexiform lesions is incompletely understood,
it is clear that the structures are composed of pheno-
typically abnormal endothelial cells.* It is now recog-
nised, nonetheless, that it is the smooth muscle cells
in the pulmonary arterial walls that play a key role
in the development of the pulmonary vasculopathy:
They de-differentiate, achieving a more synthetic than
contractile phenotype, grow into the subendothelial
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space, and produce the fibrous material responsible
for intimal fibrosis.”> Hypertrophy of the medial
coat, and cellular intimal proliferation, may reverse
in patients with left-to-right shunting after an intra-
cardiac repair. Fibrous intimal occlusion, in contrast,
is thought to be reversible only when not obstruct-
ing the vessel lumen for more than one-fifth.>*

Assessment of patients with suspected
pulmonary hypertension

A possible diagnostic work-up for children with sus-
pected pulmonary hypertension, proposed by Ivy,? is
summarised in Table 1. The aim of the diagnostic
work-up is to find underlying diseases associated
with pulmonary hypertension or, by exclusion, to
classify patients as having primary pulmonary hyper-
tension. In such patients, the 6-minute walk test is a
simple measure of exercise tolerance that has now
become widely accepted.?® The child is directed to
walk, and not to run, along a marked line of known
distance for a maximum time of 6 minutes. The test
has its limitations, since the child is not usually mon-
itored during the test, which is subjective and
affected by the co-operation of the patient. Because of
this, it is not recommended for children under 7 years
of age. The 6-minute walk test is a valuable tool that
helps to quantify the functional status of the patient.
And, once therapy has been initiated, it allows clini-
cal monitoring in the course of the disease.

In children, the severity of functional impair-
ment can be quantified by using an adaptation of the
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Figure 2.

Pathological ~ changes in  pulmonary
vascular disease: Medial hypertrophy (A),
cellular intimal proliferation (B), con-
centric laminar intimal fibrosis (C), and

the plexiform lesion (D).

Table 1. Diagnostic work-up in children with pulmonary
hypertension (modified after Ivy?>).

Electrocardiogram

Echocardiography

Chest X-ray

Lung function

Cardiorespiratory Monitoring

Computerised tomographic scan of chest (in suspected
parenchymal disease)

Serologic Screening for
® Collagen vascular disease
® Liver function
® Infectious disease (Human Immunodeficiency Virus,
schistosomiasis)

Screening for coagulation disorders
® Antithrombin IIT
® Protein Cand S
® Lupus anticoagulant
® Anticardiolipin antibodies

Cardiac catheterisation and testing for acute pulmonary
vasoreactivity

classification of the New York Heart Association
designed to grade heart failure, as modified by a con-
terence convened by the World Health Organisation
to discuss pulmonary hypertension in 1998.> This
particular classification cannot be used in infants.
Ross and colleagues, therefore, have introduced a
scoring system for heart failure in infants.?’ This
grading system evaluates multiple parameters, such
as feeding history, respiratory and heart rate, respira-
tory pattern, peripheral perfusion, and hepatic size.
It can be used to grade the severity of heart failure
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as “absent”, “mild”, “moderate” or “severe”. It is our
opinion that this grading system may also be used to
quantify functional impairment in infants with pul-
monary hypertension.

Testing for acute pulmonary vasoreactivity in
patients with pulmonary hypertension

Haemodynamic data quantifying pulmonary arterial
pressure and resistance to pulmonary perfusion are
obtained by cardiac catheterisation.”® Moreover, the
investigation permits direct study of the effect of
different vasodilating substances on the pulmonary
haemodynamics in patients with pulmonary hyper-
tension, and identifies a rationale for specific long-term
pharmacological treatment: Children with primary
pulmonary hypertension who are acute responders to
vasodilating substances have a significantly higher
five year survival on oral vasodilator therapy com-
pared with non-responders.”” Vasodilator testing is
also used to identify patients with pulmonary hyper-
tension and left-to-right shunting that might still
be candidates for surgical correction of their defect.>”
It is the patients that show a decline in pulmonary
arterial pressure, and of pulmonary vascular resist-
ance, of more than 20% from baseline after adminis-
tration of a specific substance, for example oxygen or
nitric oxide, that are classified as “responders”.’!

Several protocols have been published using two
vasodilating substances in combination, for example
inhalation of oxygen together with nitric oxide,**3*%3
inhalation of nitric oxide together with prostacyclin
given intravenously,”® or inhalation of nitric oxide
with beraprost sodium given orally.>* The combina-
tion of two vasoactive substances was found to be
more effective than using a single substance.’%%34
We currently use a protocol that uses oxygen at first
and alone, followed by nitric oxide at 40 parts per
million plus oxygen over a period of 15 minutes. In
those patients that have not responded to this regime,
we favour the nebulization of iloprost plus oxygen.?

Some groups have used sedation with spontaneous
breathing during cardiac catheterisation.”*® The
cardiovascular system, however, is vulnerable in
patients with severe pulmonary hypertension.>® Hypo-
ventilation, with retention of carbon dioxide, during
sedation may lead to acidosis with cardiocirculatory
collapse. We,?> and other groups,’® therefore prefer
to use general anaesthesia and mechanical ventila-
tion when assessing our patients.

Specific disease conditions associated with
pulmonary hypertension
Pulmonary hypertension in bronchopulmonary dysplasia

Very premature infants are still at risk of developing
bronchopulmonary dysplasia.’’ The injury to the
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Figure 3.

Post-mortem angiography of an infant aged 3 months without
cardiopulmonary disease (A), and an infant with bronchopulmonary
dysplasia (B). Note the marked reduction of peripheral vascularisa-
tion (“diminished background haze”) in the infant with broncho-
pulmonary dysplasia.

lungs is characterised by fibrosis, areas of atelectasis,
inflammation, and emphysematous changes.’® The
infants most severely afflicted by bronchopulmonary
dysplasia may also develop pulmonary hypertension
and pulmonary vascular disease, characterised by
medial hypertrophy and extension of muscle into more
peripheral arteries.’® In this setting, angiography
reveals rarification of peripheral vessels (Fig. 3), indi-
cating that there is a reduced cross-sectional area for
perfusion contributing to the elevation in pulmonary
arterial pressure. In addition, the mismatch between
ventilation and perfusion contributes to impaired
oxygenation of the blood that is passing through
the lung. The incidence of pulmonary hypertension
secondary to bronchopulmonary dysplasia in pre-
term infants is not known precisely at present, but
many suffer from pulmonary hypertension and cor
pulmonale. Oxygen is the most important “drug” in
this situation, taking care to avoid hypoxia and con-
comitant hypoxic pulmonary vasoconstriction, which
may worsen the situation. Anticongestive medica-
tion should include diuretics, such as spironolactone
or furosemide. Digoxin should be administered
whenever diuretics alone fail to improve the clinical
situation. In addition, nifedipine, at a dose of up to
2 mg/kg body weight given orally, is the most com-
monly used vasodilating agent.*® Great care must be
taken when initiating treatment with nifedipine, since
oxygenation may worsen in some cases. Indeed, data
from adults with pulmonary hypertension suggests
that nifedipine may decrease right ventricular func-
tion rather than act as a pulmonary vasodilator.*! In
our experience, nonetheless, many babies with bron-
chopulmonary dysplasia and pulmonary hyperten-
sion will improve with this medication.
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The role for inhaled nitric oxide remains to be set-
tled.*? Prostanoids, such as inhaled iloprost or intra-
venous prostacyclin, may cause significant systemic
arterial hypotension and are expensive drugs. These
prostanoids, therefore, should currently be used only
under the condition of a randomised controlled study.

Pulmonary hypertension after surgery for
congenital heart disease

Severe postoperative pulmonary hypertension, that
is an increase of the ratio of mean pulmonary arterial
to mean systemic arterial blood pressure greater than
0.5, contributes significantly to perioperative mor-
tality in patients with left-to-right shunting.*® In its
most severe form, the so-called “pulmonary hyper-
tensive crisis”, an acute rise in pulmonary vascular
resistance leads to a severe drop in the saturation of
oxygen, followed by a fall in systemic blood pressure
as a consequence of massive pulmonary vasoconstric-
tion. Factors such as acidosis, pain, or infection may
trigger this potentially fatal event, and increased
levels of endothelin-1 in the plasma have now been
identified in the setting of postoperative pulmonary
hypertension.***> The first stage of treatment is to
ensure adequate sedation and relaxation. Hyperven-
tilation, and/or administration of sodium bicarbonate,
is then used to induce alkalosis, providing inotropes
as required to ensure an adequate systemic cardiac
output. For several years, inhalation of nitric oxide has
been advocated in many centres as a selective pul-
monary vasodilator, and its use routinely in infants
at high risk for pulmonary hypertension is now sup-
ported by the results of a randomised double-blind
study.*® Inhaled nitric oxide, however, is far from
the ideal pulmonary vasodilator: Rebound pulmonary
hypertension may occur when weaning from the
gas, 748 and its sudden withdrawal may itself lead to
a life-threatening pulmonary hypertensive crisis. >
This rebound pulmonary hypertension is most likely
due to the suppression of endogenous production of
nitric oxide by inhalation of the gas, this interfering
with the production of cyclic guanosine monophos-
phate.’! Recent data also suggests that inhalation
of nitric oxide produces an increase in the levels of
endothelin-1 circulating in the plasma. When wean-
ing from the inhaled agent, therefore, it may well be
this increased level of endothelin-1 that contributes
to the rebound pulmonary hypertension.’? We, there-
fore, restrict the use of inhaled nitric oxide in our
cardiac intensive care unit to those patients who,
after intracardiac repair, and despite adequate seda-
tion, hyperventilation, and alkalosis, maintain their
pulmonary arterial pressures at levels greater than
half systemic as measured invasively by arterial lines.
Unfortunately, preoperative testing for acute
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pulmonary vasoreactivity does not yet permit us
to predict the degree of postoperative response to
inhalation of nitric oxide.””

More recently, endothelin receptors of the subtype A
have been shown to be upregulated in patients with
severe pulmonary hypertension due to congenital
heart disease.”* The antagonist of the subtype A endo-
thelin receptor, BQ123, therefore, has been given in a
pilot study in children with postoperative pulmonary
hypertension,’> but unfortunately it also induced sig-
nificant falls in systemic blood pressure and arterial
saturation of oxygen.

In another study, including five postoperative
children, aerosolised iloprost was found to be just as
effective as inhalation of nitric oxide in selectively
lowering pulmonary vascular resistance.’® Controlled
randomised studies are now required in a much
larger cohort of patients with pulmonary hyperten-
sion after intracardiac repair to analyse fully the bene-
fit of this substance compared to inhaled nitric oxide.

Primary pulmonary hypertension

The primary form of pulmonary hypertension affects
about 1 or 2 persons in each million every year, and
continues to be associated with a high mortality.”’
Most cases appear to be sporadic, but a familial form
accounts for about one-twentieth of cases.' This
familial variant is inherited as an autosomal domi-
nant disorder showing a reduced penetrance, and
leads to clinical symptoms in up to one-fifth of
family members.”®>? Significantly, it demonstrates
genetic anticipation, leading to a worsening of the
disease in younger generations. Mutations in the bone
morphogenetic protein receptor II geneline have
been detected in over half the familial cases, and also
in one-quarter of sporadic cases.®” Thus, many cases
previously considered sporadic may, in fact, be fami-
lial.’® The gene itself has been mapped by linkage
analysis to a locus on chromosome 2q31-32.°' The
bone morphogenetic protein receptor II is a ubiqui-
tously expressed receptor for growth factors that
belong to the superfamily of transforming growth
factor-3. At present, however, there is no clear indi-
cation of how the mutations relate to the vascu-
lar disease in patients with primary pulmonary
hypertension.””

The prognosis of the primary disease, as empha-
sised, is poor: In one series, which included 77
children ranging in age from 7 months to 13 years,
the 5-year mortality rate on conventional therapy for
non-responders to acute pulmonary vasodilator test-
ing was 35%.% The pathogenesis of the primary form
is, as yet, not clear: Enhanced platelet activity and
endothelial dysfunction, characterised by an imbalance
of vasoconstricting substances such as endothelin-1
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and thromboxane A, and vasodilating substances
such as prostacyclin and nitric oxide, have been
described.®? Levels of Endothelin-1 have also been
shown to be increased in the plasma and lung tissue
of patients with primary pulmonary hypertension,'!
while endothelin-converting enzyme-I has been
found to be abundantly expressed.®> Regulation of
the potassium channels seems to be distorted in
general in patients with pulmonary hypertension,
the primary as well as the secondary forms.**

In children, it is syncope, dyspnoea on exertion,
chest pain or overt right heart failure that are the
leading symptoms.>® Treatment will depend on the
functional state of the patient, and on the result of
testing for pulmonary vasoreactivity.®> Although there
is no controlled data establishing the benefit of anti-
coagulation in children, most authorities recommend
that children in functional classes I and II should
be anticoagulated, usually with phenprocoumon or
warfarin, with the aim of achieving an international
normalised ratio between 2 and 3.2>°> Supplemental
oxygen should certainly be given whenever satura-
tions indicate hypoxemia, typically with the transcu-
taneous saturation of oxygen measured at less than
92%. Oxygen has been shown effectively to increase
survival in patients with pulmonary vascular disease,
be it due to cardiac or non-cardiac causes.’® Nocturnal
hypoxemia, unrelated to apnoea and hypopnoea, is
common in these patients.®’ It should be remembered,
therefore, that oxygen, when inhaled as the pure gas,
is a selective pulmonary vasodilator in patients with
pulmonary hgrpertension regardless of the baseline
oxygenation.®®

Pastoral care is equally important in treating this
difficult condition. Support groups for the patients
and their parents now exist in many countries. The
local health team is equally important in admin-
istering supportive measures. In our opinion, all
patients should receive:

® Early treatment of fever with antipyretics to
minimise cardiocirculatory stress.

® FEarly treatment of those infections of the respira-
tory tract suspicious for a bacterial origin so as to
avoid the risk of pneumonia which, if it develops,
often proves lethal.

® Annual immunisation against influenza, and a
“one-off” pneumococcal immunisation.

® Softening of stools where indicated to avoid
cardiocirculatory collapse when passing faeces.

Anticongestive medication, such as spironolac-
tone, furosemide or digoxin, should be administered
as required when signs of right heart failure are overt.

The patients in functional class I or I, who respond
to vasodilators on cardiac catheterisation, and do not
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show a marked elevation in right atrial pressure,
will benefit from calcium-channel blockers such as
nifedipine. Patients who are in functional class III or
IV have been shown to improve significantly by the
administration of intravenous prostacyclin,” which
has to be administered by a continuous infusion via
a portable pump. Catheter-related sepsis and local
irritations or infections at the catheter site have been
reported. Prostacyclin is also an expensive drug
in Europe. This form of treatment also requires
co-operation during its administration, and is far
from ideal, therefore, when used in children.

In adults, nebulized iloprost,69 and oral pros-
tanoids such as beraprost sodium,’®~? have been
shown to be effective, but limited data is available
regarding their use in children.”® In Japan, nonethe-
less, beraprost sodium is licensed for the treatment
of primary pulmonary hypertension in both children
and adults. In our experience, palliative treatment
both with inhaled iloprost and oral beraprost can be
effective in these children.’*

For the future, the dual endothelin-receptor anta-
gonist bosentan has been shown to effectively improve
haemodynamics and exercise capacity,”” and has been
approved by the Food and Drug Administration of
the United States of America for treatment of pri-
mary pulmonary hypertension.’® Multicentric trials
are now under way in children. In Europe, how-
ever, Bosentan is currently licensed only for use in
children older than 12 years presenting with pulmo-
nary hypertension in functional classes IIT and IV.

Transplantation of the lung, or the heart and lungs,
of course, is an obvious treatment for children with
severe progressive disease. The shortage of donor
organs, nonetheless, and the need for co-operation by
the transplanted patient, as well as the poor long-term
prognosis,’’ are limitations for its more widespread
use. In the subgroup of patients with pulmonary
hypertension, mortality after one’® or two’” years after
transplantation is worse compared with the global
mortality of the studied cohort. The type of the
transplantation procedure exerts important effects
on the outcome: In one series, patients having trans-
plantation of both lungs had an advantage in terms
of survival compared with the patients having only
one lung transplanted.®® Transplantation, at any event,
should only be performed in specialised centres.
Current research focuses on the role of gene transfer
to the lung,®"%? and investigation of candidate genes
that may have importance for the pathogenesis of the
disease.®

Conclusion

Within recent decades, our knowledge of the patho-
physiology of pulmonary vascular disease has increased
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considerably. The initiating triggers, nonetheless, as
well as the “final common pathway” that inevitably
leads to the morphological and functional alter-
ations, are as yet unknown. A wide range of thera-
peutic modalities has emerged in the past ten years.
Randomised multicentric studies using vasodilating
and antiproliferative substances are now clearly
needed to evaluate the efficacy of these treatments in
children with pulmonary hypertension.
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