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KEY POINTS

e Pediatric pulmonary hypertension (PH), although similar to adult PH, is a unique entity with its own
particular pathogeneses, presentation, and management.
e Targeted PH therapies have significantly improved survival in the pediatric PH population in the

past 20 years.

e New PH treatments and interventional procedures have shown potential to continue to improve

outcomes of children with PH.

INTRODUCTION

Pediatric pulmonary hypertension (PH) is a rare
disease with high morbidity and mortality if not
diagnosed and treated early. The rarity of sus-
tained pediatric PH has been demonstrated in
multiple studies, with an estimated prevalence of
20 to 40 cases per million in Europe. Pulmonary
arterial hypertension (PAH), a subset of PH in
which the disease is primarily in the precapillary
pulmonary arterioles, has a prevalence of 3.0 to
3.7 cases per million children.'*

In the past 20 years, there has been a growing
recognition that pediatric PH, although having
some similarities to adult PH, is a unique entity
with its own particular pathogeneses, presenta-
tion, and management.>® Importantly, pediatric
PH especially in preterm infants is often a direct
sequela of inappropriate lung growth and develop-
ment and is directly impacted by pulmonary adap-
tations to fetal and postnatal life. Additional
differences between pediatric and adult PH in-
cludes their genetic basis, natural history, and
responsiveness to PAH-directed therapies.

As experience with adult PAH has grown, tar-
geted PAH therapies have been developed that

are increasingly used in younger patients, with sil-
denafil now approved in children in Europe and
bosentan approved for children older than 3 years
in the United States. Most of the other medications
used in adults including parenteral prostanoids are
used in combination therapies for children with
significant PAH. Furthermore, interventional stra-
tegies like atrial septostomy and reversed Potts
shunt in specific patients with severe disease
have improved morbidity and mortality.”® Owing
to these recent advances, survival of children
with PH has significantly improved, with 1-, 5-,
and 10-year survivals at 97%, 97%, and 78%.°
Therapeutic advances have not only increased
survival rates but also significantly improved qual-
ity of life in children with PAH."°

This article reviews the various forms of PH in
childhood, with a focus on both established and
investigational therapies that are currently
available.

DEFINITION AND CLASSIFICATIONS OF
PEDIATRIC PULMONARY HYPERTENSION

Pediatric PH is defined as a mean pulmonary ar-
tery pressure (mPAP) greater than 20 mm Hg in
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children who are at least 3 months of age.® PAH, a
subset of PH driven by abnormalities in the preca-
pillary arterioles, is defined as an elevated mPAP
greater than 20 mm Hg and pulmonary vascular
resistance index (PVRIi) (>3 Wood units (WU) x
m?) with normal left heart pressures.’’ These def-
initions, which were published by the 6th World
Symposium on Pulmonary Hypertension (WSPH)
in 2018, use the cutoff for a normal mPAP of 20
instead of the previously used 25 mm Hg, because
mildly increased mPAP (20-24 mm Hg) has been
found to independently predict poor survival in
adult patients with PH."3

The 6th WSPH also refined its universal PH clas-
sification system (Box 2). This system groups PH
into 5 distinct categories, with PAH being group
I. As the understanding of the pathobiology of
PH has increased, the 6th WSPH made some
important changes by expanding the congenital
heart disease (CHD) categories, moving hemato-
logic conditions to group V, and also incorporating
complex CHD into WSPH Group V PH, which in-
cludes PH with unclear and/or multifactorial
mechanisms.?

The Pulmonary Vascular Research Institute
(PVRI) Pediatric Task Force recognizing the multi-
factorial cause of childhood PH updated the defi-
nition and classification system for pediatric
PH.™ The PVRI Task Force also noted that pa-
tients with single ventricle physiology and passive
pulmonary blood flow can have pulmonary
vascular disease even without an elevated mPAP
and benefit from further lowering the pulmonary
arterial pressures (PAP). Children with cavopulmo-
nary anastomoses are therefore considered to
have pulmonary hypertensive vascular disease if
the PVRi is greater than 3 WU x m? or the transpul-
monary gradient is greater than 6 mm Hg, even
with normal PAPs by conventional definition.’*

EPIDEMIOLOGY AND CAUSE

Epidemiologic data regarding pediatric PH are
largely derived from PH registries. Although there
are multiple adult PAH registries, including the
REVEAL [Registry to Evaluate Early and Long-
term PAH Disease Management]'®> and COMPERA
[Prospective Registry of Newly Initiated Therapies
for Pulmonary Hypertension]'® registries, such
robust data collection systems did not initially exist
for children. Nonetheless, in the past several years
new pediatric PH databases have been developed
including the TOPP [Tracking Outcomes and Prac-
tice in Pediatric Pulmonary Hypertension] registry,
which includes 31 centers from 19 countries'’; the
PPHNet [National Pediatric Pulmonary Hyperten-
sion Network], composed of 14 pediatric PH

centers in North America and Canada; the Pediat-
ric & Congenital Heart Disease Taskforce of the
Pulmonary Vascular Research Institute; and the
Spanish Registry of Pediatric Pulmonary Hyper-
tension (REHIPED).

A critical difference between pediatric and adult
PH noted in a large comprehensive Netherlands
study was the high incidence of “transient” PH in
children (87 %), which is due to either a repairable
cardiac shunt or persistent PH of the newborn.?
Although the incidence of all types of pediatric
PH, including “transient” PH is 63.7 cases/million
children/year, the prevalence of sustained PH is
about 20 to 40 cases per million in Europe, and
the prevalence of PAH is 3.0 to 3.7 cases/million
children.”

In the TOPP registry, the vast majority (88%) of
children with PH had PAH (group 1), whereas the
remaining patients (12%) had PH from respiratory
disease such as bronchopulmonary dysplasia
(group Ill). Of the children with PAH, 57% had
PAH that was idiopathic (IPAH) or familial (FPAH)
and 43% had associated PAH (APAH) in the pres-
ence of other disorders like CHD or rheumatologic
conditions.

The median age of pediatric PH diagnosis is
7 years, and registries have reported a gender dis-
tribution of about 1:1 females:males,®>“ suggesting
a more equal gender distribution in pediatric PH
than in adult PH wherein the ratio is closer to 4:1."8

Although the cause of pediatric PH is often
multifactorial, the genes encoding the transform-
ing growth factor beta/bone morphogenetic pro-
tein (TGF-B/BMP) signaling pathway have been
linked to the development of PH. This pathway
plays an important role in embryonic heart devel-
opment and systemic vasculogenesis, and muta-
tions in this pathway have been identified in
about 80% of children with FPAH and 20% of chil-
dren with IPAH."®"2! The genetics of pediatric PH
also differs from that of adult PH in the higher inci-
dence of TBX4 mutations and other novel genes in
up to 19% of childhood PH.?2:23

PATHOGENESIS AND PATHOBIOLOGY OF
PEDIATRIC PULMONARY HYPERTENSION

The pathogenesis of pediatric PH is complex and
heterogeneous. Nevertheless, there are several
mechanisms that are fundamental to the develop-
ment of PH, such as pulmonary vasoconstriction,
endothelial dysfunction, cell proliferation with
growth dysregulation, inflammation, and in situ
thrombosis. These mechanisms must be inti-
mately understood, because they form the basis
for targeted therapy in this population.
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Vasoconstriction

Pulmonary vasoconstriction and an imbalance in
tissue vasoactive mediators has long been recog-
nized as a critical component of PH. In neonates
with pediatric PH, the pulmonary vasculature fails
to relax as it normally does in transitioning from
fetal to neonatal life, and this elevated pulmonary
vascular resistance can become fixed as the
vasculature itself thickens. In addition, there is a
reduction in arteriolar number and vascular sur-
face area. In contrast, older children with IPAH
tend to have smooth muscle cell (SMC) hypertro-
phy that causes vasoconstriction and usually
have less of the plexiform lesions and intimal
fibrosis that are typically seen in adult PH. Of
note, molecular pathways that are crucial in devel-
opment of all forms of vasoconstriction are the ni-
tric oxide (NO) pathway, prostacyclin pathway,
and endothelin pathway.

e NO pathway: NO is produced in the endothe-
lium by endothelial NO synthetase (eNOS) and
stimulates production of cyclic GMP (cGMP),
which is a potent vasodilator and has antipro-
liferative properties.?*?> The bioavailability of
endothelial NO is decreased in many forms
of PAH, and there is often increased produc-
tion of the phosphodiesterase 5 (PDE 5)
enzyme, which degrades cGMP. Asymmetric
dimethyl arginine, which is elevated in many
forms of PAH, acts by the inhibition of eNOS
and via direct effects on gene expression.

e Prostacyclin (PGI2) pathway: PGI2 induces
smooth muscle relaxation and prevents
platelet aggregation via cyclic AMP produc-
tion. In patients with PAH, there is a disruption
between the balance of PGI2 and vasoactive
hormones, which leads to vasoconstriction.

e Endothelin pathway: Endothelin-1 (ET-1)
leads to vasoconstriction, fibrogenesis, and
cell proliferation and acts via ETA and ETB re-
ceptors in the SMC. ET-1 levels are increased
in lung tissue and circulation in IPAH, in APAH
secondary to lung disease and thromboem-
bolism, as well as in patients with congenital
diaphragmatic hernia. ET-1 has been shown
to act on SMCs to cause vasoconstriction,
cell proliferation, and fibrogenesis.?®

Endothelial Dysfunction

The endothelium of the pulmonary vasculature
helps to produce growth factors and cell signals
and is critical in maintaining homeostasis and
vascular tone.?” The triggers of endothelial
dysfunction in the patient with PH are not fully un-
derstood, but there is often abnormal endothelial
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activation that causes release of vasoproliferative
agents (which promote vascular hyperplasia), as
well as vasoconstrictive substances (which lead
to worsening vascular obstruction).

Cell Proliferation and Apoptosis

In PH, the smooth muscle and endothelial cells of
the pulmonary vasculature are more susceptible to
apoptosis, migration, and inappropriate prolifera-
tion. There are various growth factors that are
abnormally elevated in patients with PAH and
play a role in this improper balance, such as
vascular endothelial growth factor, tumor necrosis
factor-a, and platelet-derived growth factor. Muta-
tions in BMPR2, ALK-1, and endoglin lead to
vascular remodeling and are potential pathways
for therapeutic intervention.

Inflammation

Inflammation is a known trigger in PAH as evi-
denced by an increase in cytokines, interleukins,
and chemokines??; this is most often seen in rheu-
matological diseases where a rheumatic flare can
trigger a PH crisis as well and only subsides with
appropriate therapy for the underlying condition.
Likewise in childhood PH, especially in preterm in-
fants, lung or systemic infection and inflammation
trigger worsening PH and improve with resolution
of the inflammatory trigger.

PRESENTATION

Children with PH typically present with exertional
dyspnea, fatigue, and failure to thrive. Symptoms
are often nonspecific and may be attributed to
more common childhood disorders before PH is
diagnosed. Syncope especially immediately after
exercising or early in the morning just after waking
is more common in childhood- (25%) versus adult-
onset PH (12%)'” and may be due to children’s
increased sensitivity to vasoconstrictive triggers
and may actually indicate a vasoresponsive
phenotype in selected patients. Patients with unre-
paired CHD are less likely to present with syncope
but do become more cyanotic with activity or even
at rest, because they use cardiac shunts as a
“pop-off” for right-to-left blood flow during PH cri-
ses. In advanced PH, children may develop right
ventricular (RV) failure and subsequent fluid
congestion and retention with symptoms of hepa-
tomegaly, peripheral edema, ascites, and even
malabsorption due to intestinal wall edema.

PATIENT EVALUATION AND DIAGNOSIS

The diagnostic workup for pediatric PH is similar to
that of adults (Fig. 1) and begins with a thorough
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Symptoms, clinical signs, genetic syndromes,
personal or family history suggestive of PH

Yes Echocardiogram, ECG, (fhest radiograph compatible No
l with PH
v
Consider most common causes of PH in children PH unlikely
(i.e. CHD, chronic lung disease)
v v
Review history, signs, risk factors, PFTs including DLco, Consider other causes of symptoms
“polysomnography”, chest CT or re-check

h.

Yes |

v
’ No signs of severe PH or RV dysfunction l

Diagnosis of lung disease confirmed? l

iYe S

| Signs of moderate-severe PH or RV dysfunction |

l No |
v
’ Treat underlying lung disease I I Refer to paediatric PH expert I
v
Yes Perform V/Q scan to rule out CTEPH No
l Are mismatched defects present?
v ¥

CTEPH suspect: CTA and selective PA angiograms with
referral to PEA expert

Additional diagnostic testing:

Serological markers
Laboratory testing
Liver ultrasound
6MWT/CPET
Cardiac MRI

Cardiac catheterisation at paediatric centre with AVT:
mPAP >20 mmHg, PAWP <15 mmHg and PVRI >3 WU-m?;
include full shunt evaluation to rule out CHD

Yes
A

Consider other causes

IPAH/FPAH genetic testing

Genetic testing?

Yes
CTD, HIV, CHD, portopulmonary, drugs/toxins, PVOD/PCH I< >

No

(counselling)

Fig. 1. Diagnostic workup for pediatric pulmonary hypertension. PFT, pulmonary function test; D, diffusing ca-
pacity of the lung for carbon monoxide; CT, computed tomography; V/Q, ventilation/perfusion; CTEPH, chronic
thromboembolic PH; CTA, CT angiography; PA, pulmonary artery; PEA, pulmonary endarterectomy; AVT, acute
vasodilator testing; PAWP, pulmonary arterial wedge pressure; PVRi, pulmonary vascular resistance index; WU,
Wood units; 6MWT, 6-minute walk test; CPET, cardiopulmonary exercise test; CTD, connective tissue disease;
PVOD, pulmonary veno-occlusive disease; PCH, pulmonary capillary hemangiomatosis. Reproduced with permis-
sion of the © ERS 2021: European Respiratory Journal 53 (1) 1801916; DOI: 10.1183/13993003.01916- 2018, pub-

lished January 24, 2019.

individual and family history, physical examination,
laboratory tests, genetic evaluation, echocardiog-
raphy, and ultimately invasive hemodynamic
studies. In the initial evaluation of a child with
PH, it is also critical to assess for other treatable
disorders that may cause PAH and to check for
any systemic end-organ injury from PAH such as
renal and liver dysfunction.

History and Physical Examination

In addition to obtaining a comprehensive review of
systems and complete family history, physicians
must pay close attention to a child’s growth curve,
because failure to thrive and growth retardation
can be important signs of chronic disease and
right heart failure. A pediatric functional classifica-
tion system proposed by the PVRI Pediatric Task
Force in 2011 takes into account age-related

activity and exercise capacity and can be used
as part of the clinical evaluation.?® Vital signs on
examination will often show tachypnea and tachy-
cardia, and patients may have decreased oxygen
saturation if an intracardiac “pop-off” shunt is
present.

On cardiac examination, palpation may reveal a
RV heave (from elevated RV pressure), a RV S3
gallop, and a widened second heart sound with a
loud pulmonary component and an early systolic
click from the dilated pulmonary artery (PA) may
be auscultated. Multiple different murmurs may
be heard, including a systolic ejection murmur
over the dilated PAs, an early diastolic murmur
from pulmonary insufficiency at the right upper
sternal border, or a systolic murmur at the right
lower sternal border if tricuspid regurgitation (TR)
is present. If there is severe PH, intracardiac
shunts will not generate a murmur because there
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is no significant pressure gradient between the
right and left ventricles. If there is RV failure, hepa-
tomegaly, ascites, and edema can be present.

Echocardiography

Echocardiography plays a critical role in the diag-
nosis and monitoring of PH and can be used to
check for associated structural heart disease,
evaluate cardiac function, risk stratification, and
to monitor PAP.

As the RV pressure increases, echocardiogra-
phy will show ventricular septal flattening and pos-
terior systolic bowing into the left ventricle with
systemic or suprasystemic RV pressures (Fig. 2).
The RV systolic function is difficult to assess
because of its complex geometry, but various
measures are used to assess for RV dysfunction
including tricuspid annular plane systolic excur-
sion, Tei index (which includes both systolic and
diastolic time intervals to assess the global cardiac
dysfunction), RV fractional area change, and RV
ejection fraction.>° The left ventricular systolic
function is typically preserved, although it too
can show signs of diastolic dysfunction especially
when there is posterior systolic bowing of the ven-
tricular septum. Diastolic dysfunction of the ventri-
cles can be quantified by mitral and tricuspid
diastolic inflow velocities, pulmonary and systemic
venous flow patterns, RV myocardial performance
index, and tissue Doppler imaging of the mitral and
tricuspid annulus and at the septum.

RV systolic pressure can be determined by
measuring the peak systolic pressure gradient
from the RV to the right atrium and is calculated
by using the Bernoulli equation P = 4 v, where v
is the maximum velocity of the TR jet measured
by continuous wave Doppler. Assuming there is
no obstruction between the RV to the PA, the TR

Pediatric Pulmonary Hypertension

jet can also be used to estimate the PA pressure
and severity of PH (see Fig. 2). Clinicians, howev-
er, will often rely on additional echocardiographic
findings that are suggestive of PH, such as ventric-
ular septal position and motion, systemic to pul-
monary shunt gradients at the ventricular or great
artery levels, and pulmonary regurgitation Doppler
gradients, because there may not be an adequate
TR Doppler envelope to estimate pressures and
TR jet velocity can overestimate or underestimate
the PA pressure especially with nonsedated echo-
cardiograms.®'*2 Of note, echocardiography pro-
tocols are available for the pediatric patient with
PH (Box 1)*® and should be used for both diag-
nosis and long-term monitoring of children with
PH.

Cardiac Catheterization

Right heart catheterization is considered the gold
standard for diagnosing PH and allows for direct
measurement of PA pressure and PVR. In 2019,
the 6th WSPH modified their criteria for adult PH
to include a mean PA pressure greater than
20 mm Hg and a PVR 3 WU'? or more, and the pe-
diatric task force adopted these criteria as well.®
Inclusion of PVR in the definition of pediatric PH
is particularly useful because, as discussed previ-
ously, many children with single ventricle physi-
ology can have normal PA pressures but even
mildly elevated pulmonary vascular resistances
can lead to severe physiologic consequences
and Fontan failure.

During cardiac catheterization, acute vasodi-
lator testing (AVT) (usually with inhaled NO [iNOJ)
should also be performed. Other medications
including inhaled prostanoids have also been
used for AVT but are not standardized. AVT
responsiveness in adults is defined as a decrease

Fig. 2. Echocardiography findings in patients with pulmonary hypertension. (Left) Echocardiography continuous
wave Doppler imaging across the tricuspid valve showing measurements of the tricuspid valve regurgitation jet
using the Bernoulli principle. (Right) Apical 4-chamber imaging showing a dilated right atrium and right
ventricle, with bowing of the atrial and ventricular septum to the left.
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Box 1

Transthoracic echocardiography protocol in
pediatric patients with pulmonary
hypertension

Variables to be assessed

Estimation of the systolic PAP through the TR jet
velocity by CW Doppler

Estimation of mean PAP and end diastolic PAP
through CW Doppler of the PR jet

PAAT

RV longitudinal systolic function (eg, TAPSE)

RV fractional area change

RV strain and strain rate measurements

RV systolic to diastolic duration ratio by CW
Doppler of the TR jet

Tissue Doppler velocities (eg, E’, A’ and S’)

RV myocardial performance (Tei) index

RV/LV diameter ratio

LV El (Eccentricity Index)

RV and RA enlargement.

CW, continuous wave; LV, left ventricle; PR, pulmo-
nary regurgita; RA, right atrium; ', peak systolic ve-
locity; TAPSE, tricuspid annular plane systolic
excursion; TR, tricuspid regurgitation; TTE, transtho-
racic echocardiography; PAAT, pulmonary artery accel-
eration time; LV El, left ventricular eccentricity index.

Note: TTE alone is not sufficient to initiate a tar-
geted therapy.

Koestenberger M, Friedberg MK, Nestaas E, et al.
Transthoracic echocardiography in the evaluation of
pediatric pulmonary hypertension and ventricular
dysfunction. Pulm Circ. 2016;6(1):15-29. https:/doi.
org/10.1086/68505. © Sage Publications Ltd. 2021. Re-
printed by permission of SAGE publications.

in mPAP by at least 10 mm Hg to a value of less
than 40 mm Hg with sustained cardiac output, or
in subjects with baseline mPAP less than 40 mm
Hg as a drop of at least 10 mm Hg without a
decrease in cardiac output.® This definition has
been shown to successfully identify patients who
will have sustained benefit from calcium channel
blocker (CCB) therapy with much better long-
term outcomes and should therefore be used in
pediatric population as well.>* In fact, the 6th
WSPH have included these patients as a separate
category WSPH, group 1.5 (see Box 2).

The 6-Minute Walk Test and Cardiopulmonary
Exercise Testing

The 6-minute walk test is useful to assess functional
capacity, monitor response to therapy, and predict
outcomes. Using an actigraph, or a noninvasive
monitor of patients’ activity levels, provides a
continuous real-time monitoring tool and is an
attractive option for evaluating activity in patients
with PH.%® Cardiopulmonary exercise testing is
another testing modality that has been shown to

Box 2
Updated clinical classification of pulmonary
hypertension

1 PAH

1.1 Idiopathic PAH

1.2 Heritable PAH

1.3 Drug- and toxin-induced PAH

1.4 PAH associated with

1.4.1 Connective tissue disease

1.4.2 HIV infection

1.4.3 Portal hypertension

1.4.4 Congenital heart disease

1.4.5 Schistosomiasis

1.5 PAH long-term responders to calcium
channel blockers

1.6 PAH with overt features of venous/
capillaries (PVOD/PCH) involvement

1.7 Persistent PH of the newborn syndrome

2 PH due to left heart disease

2.1 PH due to heart failure with preserved LVEF

2.2 PH due to heart failure with reduced LVEF

2.3 Valvular heart disease

2.4 Congenital/acquired cardiovascular
conditions leading to postcapillary PH

3 PH due to lung diseases and/or hypoxia

3.1 Obstructive lung disease

3.2 Restrictive lung disease

3.3 Other lung disease with mixed restrictive/
obstructive pattern

3.4 Hypoxia without lung disease

3.5 Developmental lung disorders

4 PH due to pulmonary artery obstructions

4.1 Chronic thromboembolic PH

4.2 Other pulmonary artery obstructions

5 PH with unclear and/or multifactorial
mechanisms

5.1 Hematological disorders

5.2 Systemic and metabolic disorders

5.3 Others

5.4 Complex congenital heart disease

LVEF, left ventricular ejection fraction; PCH, pulmo-
nary capillary hemangiomatosis; PVOD, pulmonary
veno-occlusive disease.

Reproduced with permission of the © ERS 2021: Euro-
pean Respiratory Journal 53(1) 180193; DOI 10. 1183/
13993003.01913-2018, published January 24, 2019.

provide cardiorespiratory parameters that correlate
with the degree of pulmonary vascular resistance
and disease severity in children®®3” and can reliably
be performed in patients who are at least 7 years
old. These tests are performed at 3- to 6-month in-
tervals to guide response to therapy and indicate
further interventions or escalation.

Risk Assessment

Risk assessment scores have been available for
adult PH; however, it is only recently that the
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European Society of Cardiology/European Respi-
ratory Society guidelines and the 6th WSPH pro-
ceedings recommended risk scoring for pediatric
PAH using the REVEAL registry and the European
registries. Pediatric patients with PH had lower
median risk scores when compared with adults,
but 1-year survival for each risk group was similar
to adults, although they separated at 5 years.>®

TREATMENT

Although there is no uniform therapeutic approach
for all children with PH, various treatments have
been developed that can improve the survival of
pediatric patients with PH.%%4° As most children
with PH have some degree of precapillary PAH,
targeted therapies discussed later are geared to-
ward the pediatric patient with PAH. A synopsis
of the guidelines specifically for pediatric IPAH/
FPAH management is outlined in Fig. 3 and is
reviewed in further depth in the following sections
(along with general PAH treatment).

GENERAL MEASURES AND THE PRIMARY
CARE PHYSICIAN

Managing children with PH is a team effort with the
pediatrician playing an important role. Any fevers
should be treated early with antipyretics, to
decrease the metabolic demands on an already
tenuous cardiorespiratory system. Respiratory in-
fections, which are quite common in children, can

Pediatric Pulmonary Hypertension

trigger hypoxemia and a PH crisis if not treated
aggressively. Some children may require iNO during
an acute respiratory illness if they are hospitalized
with severe PH. Decongestants containing pseu-
doephedrine are contraindicated because they can
worsen PH symptoms, but antitussives
are sometimes used especially if there is a risk of
coughing-induced hemoptysis. Annual influenza
and pneumococcal vaccines should be provided
for primary prevention of respiratory ilinesses. Coro-
navirus disease 2019 vaccination is recommended
in children with PH older than 16 years, and currently
clinical trials are underway in younger children.

It is also important that pediatricians provide di-
etary recommendations and even medical therapy
to prevent constipation, because straining with
bowel movements can decrease venous return to
the right side of the heart and can cause a
syncopal event. A thorough psychosocial evalua-
tion and close follow-up is highly recommended
to identify and manage issues that may impact
the quality of life of these fragile patients.

Several goals of targeted therapy for PAH are as
follows:

1. Improvement of symptoms and quality of life

2. Improvement of hemodynamics

3. Halting progression of disease

4. Reversal of established pulmonary vascular
disease and cardiac hypertrophy (if possible)

5. Reduction of morbidity

6. Increasing life expectancy with the disease

[ _Expert referral

General: consider diuretics,
oxygen, anticoagulation, digoxin

Acute vasoreactivity testing

Positive

Oral CCB

Improved and
sustained
reactivity

Yes

Continue
(o{0]:]

Negative

ERA or PDESi [oral)

Oral/inhaled prostacyclin/prostacyclin agonis! e
Consider combination therapy
[sequential or upfront)

Serial reassessment?

Epoprostenol or
treprostinil (1V/ SC)
Consider early combination

Atrial

septostomy Potts shunt

Lung
transplant

Fig. 3. Pediatric idiopathic and familial pulmonary arterial hypertension treatment algorithm. ERA, endothelin
receptor antagonist; PDE5i, phosphodiesterase type 5 inhibitor; 1V, intravenous; SC, subcutaneous. ?Deterioration
or not meeting treatment goals. Reproduced with permission of the © ERS 2021: European Respiratory Journal 53
(1) 1801916; DOI: 10.1183/13993003.01916- 2018, published January 24, 2019.
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Medical Therapy

Calcium channel blockade
CCBs, which prevent calcium influx into smooth
and cardiac muscles, have been shown to be
potent pulmonary vasodilators for patients who
are “responders” to AVT. Only 5% to 10% of
adults with PAH are considered AVT “re-
sponders,”! whereas some studies have sug-
gested that the response rate in children may be
as high as 40%,° although other research has
not shown such a difference in vasoreactivity.*?
Of note, children with CHD are significantly less
likely be AVT responsive, and therefore CCBs
often do not help improve PAH in this subgroup.*?
CCBs are only used in children older than 1 year
and are contraindicated in AVT nonresponders.
The optimal dosing of CCBs in children has not
been established. Studies typically report using
relatively high doses of CCBs, such as amlodipine
20 to 40 mg daily and long-acting nifedipine 120 to
240 mg daily, but the optimal dosing of drugs in
pediatric PAH is still unknown.

Nitric oxide

inhaled Nitric Oxide (iINO) causes smooth muscle
relaxation of the pulmonary vasculature by acti-
vating guanylate cyclase and increasing cGMP.?*
iNO may also prevent platelet adhesion to arterial
walls via its antiproliferative effect on smooth mus-
cle.iNOindoses of 110 20 ppmis used ina multitude
of scenarios including treatment of an acute PAH
crisis, following cardiac surgery, during right heart
catheterization for AVT, and for treatment of persis-
tent PH in the newborn.*> Weaning iNO has to be
done carefully in a carefully monitored intensive
care unit setting and often may need to be weaned
in fractions of 1 ppm to prevent rebound PH. Silden-
afil has been used especially in the postoperative
setting as a cGMP donor while weaning off iNO.**

Phosphodiesterase inhibitors
Like NO, phosphodiesterase 5 (PDE5) inhibitors
cause pulmonary vasodilation by increasing
cGMP levels in smooth muscle. PDE5 inhibitors
were initially used in patients being weaned off
iNO postoperatively,* but now they are often
first-line therapy along with other medications in
treatment of PAH. PDES inhibitors have been
shown to improve symptoms in pediatric patients
with PH, both when used alone and when they
are administered as part of combination therapy
with prostacyclins.*%46

The STARTS-1 trial, a double-blind, multicenter,
placebo-controlled study, showed that the PDE5
inhibitor sildenafil improved the functional class
and maximal aerobic capacity of pediatric patients
with PAH patients.*” Although its extension study,

the STARTS-2 trial, found that children random-
ized to higher doses of sildenafil had increased
mortality, all sildenafil groups (including the high-
dose sildenafil group) had increased survival
compared with placebo.*® Because increased sil-
denafil dosing was associated with increased mor-
tality, the US Food and Drug Administration (FDA)
in 2012 initially advised that chronic sildenafil use
was “not recommended in children,” but later
revised their recommendations to state that there
“may be situations in which the risk-benefit profile”
of sildenafil “may be acceptable in individual chil-
dren but should only be administered under expert
guidance.”“° Based on the STARTS trial data, sil-
denafil was approved for use in Europe by the Eu-
ropean Medicines Agency.

Sildenafil is typically administered 3 times a day
and is enterally dosed as 1 mg/kg per dose in in-
fants, 10 mg for children weighing 10 to 20 kg,
and 20 mg per dose for children weighing greater
than 20 kg. The intravenous dose is half of the
enteral dose. Sildenafil is usually slowly uptitrated
to reach the final dose to prevent hypotension and
monitor for other side effects. Tadalafil, a newer
PDES5 inhibitor, is an attractive alternative to sil-
denafil, because it is dosed once a day with a
similar side effect profile.>°

Endothelin receptor antagonists

Endothelin-1 (ET-1) is a potent pulmonary vasocon-
strictor that is elevated in many patients with PAH,
and its level inversely correlates with prognosis.
Bosentan, an oral endothelin receptor antagonist
(ERA), is now FDA approved in children older than
3 years in the United States. An open-label study
in children with group | PAH showed bosentan to
be well tolerated and improve hemodynamics at
12-week follow-up.®*? Side effects of bosentan
include hepatotoxicity and teratogenicity. Bosentan
is given at 1 mg/kg per dose twice a day and
increased to 2 mg/kg per dose after 2 to 4 weeks,
while monitoring liver enzymes. Patients on stable
bosentan doses require monthly liver function
testing, and postmenarchal girls require monthly
pregnancy testing and dual contraception, to pre-
vent teratogenicity of the medication. Ambrisentan
is a selective ERA that has been associated with
less hepatoxicity and can be administered once
daily.>® Macitentan, a tissue-specific ERA, is now
undergoing trials in the pediatric age group.>* All
ERAs are known to be teratogenic in animal studies
and hence have the same pregnancy testing and
dual contraception instructions.

Prostacyclins
The discovery of prostacyclin’s pulmonary vasodi-
latory effects in the early 1990s revolutionized the
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medical management of PAH, because its use
significantly improved survival and quality of life.
Importantly, prostacyclins show a survival benefit
even in patients who are unresponsive to AVT,
implying that prostacyclin is not only a pulmonary
vasodilator but possibly promotes pulmonary
vascular remodeling as well.

Epoprostenol, an intravenous prostacyclin, can
be chronically administered and has been shown
to prolong survival, improve cardiac output, in-
crease exercise capacity, positively alter hemody-
namics, and prolong survival in children with
PAH.55°6  Epoprostenol dosing (ng/kg/min) is
slowly uptitrated starting at 1 to 2 ng/kg/min to
over 100 ng/kg/min.

Because epoprostenol has a very short half-life
of 1 to 2 minutes and is chemically unstable at
room temperature, it must be delivered using a
continuous infusion system with cold packs and a
central venous line is typically needed. This form
of drug administration is associated with its own
challenges including clots and line occlusion, cath-
eter and systemic infection, and pump malfunction,
which can either lead to an inadvertent bolus
(causing systemic hypotension) or interruption
(causing rebound PAH) of epoprostenol. These dif-
ficulties have led to a search for alternative forms of
prostacyclin that would allow for oral, inhaled, sub-
cutaneous, or long-acting intravenous delivery.

Prostacyclin analogues

Treprostinil sodium can be administered both sub-
cutaneously and intravenously, and in its subcu-
taneous form the complications of having a
central venous line can be avoided. Recent
research has described the successful use of sub-
cutaneous treprostinil in young children.®”
Discomfort at the infusion site has been reported,
although no other serious side effects related to
subcutaneous treprostinil have been noted.®® Infu-
sion site pain has been noted to be lower in infants
when compared with older patients.®”

Oral prostacyclin analogues Oral treprostinil was
approved by the US FDA in 2013 for use in adults
with PAH. Although treprostinil has been shown to
improve exercise capacity in PAH,*? it has a signif-
icant side effect profile including headaches and
gastrointestinal symptoms, and a recent pediatric
study found that half of children who were initiated
on the drug had stopped it within 2 years mostly
because of its side effects.®°

Other oral prostacyclin analogues include bera-
prost sodium, which has been approved for PAH in
Japan but not in the Europe and the United States,
and oral selexipag, a prostacyclin receptor agonist
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that has also been shown to decrease the risk of
PAH complications and death.%'-62

Inhaled prostacyclin analogues Inhaled prostacy-
clins are an attractive choice for prostacyclin
administration, because their selective delivery to
the lungs avoids more systemic side effects. Direct
airway delivery is also thought to cause less V-Q
mismatch. Inhaled iloprost has a short half-life of
20 to 25 minutes and must be given every 1 to
4 hours,*® whereas inhaled treprostinil with its
longer half-life can be administered every 6 hours
and has been shown to improve exercise capacity
and is safe and well tolerated in the pediatric
population.®®

Combination therapy

Similar to cancer therapy experience, combination
therapy to target multiple pathways simulta-
neously has shown benefit in PH therapy. The
AMBITION trial demonstrated that the risk of clin-
ical failure was 50% lower in adults on a combina-
tion of ambrisentan and tadalafil when compared
with monotherapy using either drug.*® A recent pe-
diatric study including patients with PAH from two
US and one European center demonstrated that
treatment with combination therapy was strongly
associated with improved survival when
compared with monotherapy.*°

Anticoagulation

The role of chronic anticoagulation in pediatric pa-
tients with PAH is based on recent adult IPAH
studies, which have demonstrated that many
adults with IPAH have small PA thromboses on
lung pathology. Although the adult COMPERA reg-
istry suggested that anticoagulation in adult pa-
tients with IPAH is associated with improved
survival,®* the REVEAL registry concluded that
anticoagulation is not advantageous and can in
certain scenarios even worsen survival.?® As there
is no research to support use of anticoagulation in
pediatric PAH, it is currently only used in children
with coagulation disorders, significant ventricular
systolic dysfunction, thromboembolic PH, and
those patients with indwelling lines or minipumps
to prevent line occlusion via clot formation.

Novel therapies, ongoing clinical trials, and
investigational drugs

Antiproliferative drugs Early PAH management
had focused on medications that would cause pul-
monary vasodilation. In the last 10 years, however,
we have learned that additional pathobiologic
mechanisms are involved in PH, including unbri-
dled cell proliferation in the smooth muscle and
adventitia of PAs. Some newer PH medications,
which were borrowed from the oncology world,
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target this mechanism. Imatinib, a tyrosine kinase
inhibitor that is used to treat chronic myeloid leu-
kemia, inhibits a growth factor receptor on SMCs
and has shown early signs of improving symptoms
in adults with advanced PAH.®® Everolimus is
another antineoplastic drug, which is an mTOR in-
hibitor, and in pilot studies has improved PVR and
exercise tolerance in children with PAH.®" Siroli-
mus has been studied in children with pulmonary
vein stenosis in an attempt to halt the progression
of disease.®®

Rho-Kinase inhibitors The RhoA-/Rho-kinase
signaling pathway effects vasorelaxation, and
when activated can cause sustained SMC
contraction. Studies show that drugs that block
the rho-kinase pathway, like fasudil, can decrease
PAPs in animals with PAH that is refractory to
prostanoids and iNO, although this has not been
reproduced in humans.®%7°

Gene therapy With new understanding of the ge-
netic basis of PAH, research has also turned to
gene replacement as possible therapy for PAH.
Advances in genetic therapy may ultimately hold
the key to early detection and perhaps even cure
for specific children with known genetic mutations,
such as the 2g33 (TGF-J receptor) mutation asso-
ciated with HPAH and IPAH.”"

Interventional Therapy

Atrial septostomy

In children with severe PH, an atrial communica-
tion allows cardiac output to be maintained via
right to left shunting even during a PH crisis.
Thus, patients who have PAH with right heart fail-
ure or recurrent syncope, but do not have a patent
foramen ovale, can benefit clinically and hemody-
namically from an atrial septostomy.®’2 This
procedure has been shown to increase survival
(1- and 2-year survival is 87% and 76%, respec-
tively, compared with 64% and 42% using con-
ventional therapy alone).

This invasive procedure is associated with sig-
nificant risks and is usually only performed in pa-
tients with syncope or right heart failure despite
maximal medical therapy, and potentially as a
bridge to transplantation.

Potts shunt

A reverse Potts shunt, which allows for right to left
flow from the left PA to the descending aorta, can
also help to decompress the RV in the setting of
significant PH and can improve hemodynamics
and outcomes in the severely ill child.””>~"7" Unidi-
rectional valved Potts shunts can be used to mini-
mize left to right flow across the shunt when

pulmonary pressures drop.”® A transcatheter
approach for placement of the Potts shunt has
been suggested as a possible option as well.””
Use of Potts shunt may improve quality of life as
well as survival to transplant.

Lung transplantation

A small number of centers perform pediatric lung
transplantation for patients with PAH. Survival rates
for patients with PAH who have undergone lung
transplantation are quite low: the 1-year, 5-year,
and 10-year survivals are 64%, 44%, and 20%,
respectively.”®”® Transplantation should therefore
be considered for children who are World Health
Organization functional class IV despite maximal
medical therapy, and ideally children should be
listed when their probability of 2-year survival is
less than 50%. Extracorporeal membrane oxygen-
ation, either as a bridge to recovery orto transplant,
can also be a feasible option in certain patients.

SUMMARY

Owing to recent advances in PH therapy, children
with PH have significantly improved survival, he-
modynamics, and quality of life. Patients who are
responsive to AVT benefit from CCBs, whereas
nonresponsive patients can be assisted with pros-
tanoids and ERAs. Multiple new treatments are on
the horizon and have shown promise in adult PAH
populations. As our understanding of the genetic
basis and pathobiologic mechanisms of PH
continue to evolve, we hope that in the future we
will be able to better treat, and potentially cure,
this disease.
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