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Abstract
Objective: While pulmonary arterial hypertension (PAH) is rare in infants and
children, it results in substantial morbidity and mortality. In recent years, prognosis
has improved, coinciding with the introduction of new PAH‐targeted therapies,
although much of their use in children is off‐label. Evidence to guide the treatment of
children with PAH is less extensive than for adults. The goal of this review is to
discuss the treatment recommendations for children with PAH, as well as the
evidence supporting the use of prostanoids, endothelin receptor antagonists (ERAs),
and phosphodiesterase type 5 inhibitors (PDE5i) in this setting.
Data Sources: Nonsystematic PubMed literature search and authors’ expertise.
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Study Selection: Articles were selected concentrating on the nitric oxide (NO)‐
soluble guanylate cyclase (sGC)‐cyclic guanosine monophosphate (cGMP) pathway in
PAH. The methodology of an ongoing study evaluating the sGC stimulator riociguat in
children with PAH is also described.
Results: Despite recent medical advances, improved therapeutic strategies for
pediatric PAH are needed. The efficacy and tolerability of riociguat in adults with
PAH have been well trialed.
Conclusion: The pooling of data across trials, supplemented by registry data, will help
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to confirm the safety and tolerability of prostanoids, ERAs, and PDE5i in children.
Ongoing studies will clarify the place of sGC stimulators in the treatment strategy for
pediatric PAH.
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Abbreviations: 6MWD, 6‐Minute walking distance; AVT, Acute vasoreactivity testing; BNP, Brain natriuretic peptide; CCBs, Calcium channel blockers; cGMP, Cyclic guanosine monophosphate;
CHD, Congenital heart disease; EMA, European Medicines Agency; ERAs, Endothelin receptor antagonists; FDA, Food and Drug Administration; iPAH, Idiopathic PAH; mPAP, Mean pulmonary
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Strategy; RHC, Right heart catheterization; SAEs, Serious adverse events; sGC, Soluble guanylate cyclase; tid, Three times daily; WHO FC, World Health Organization functional class; WSPH,
World Symposium on Pulmonary Hypertension.
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1 | INTRODUCTION
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chest radiography) for the initial assessment of suspected PH.1,15
Patients with PH should be referred to a specialist center for further

Pulmonary hypertension (PH) is a rare condition in infants and children

evaluation, including right heart catheterization (RHC). RHC mea-

that results in substantial morbidity and mortality.1 According to

sures hemodynamic parameters, including cardiac output, mPAP, and

international guidelines,2 the definition of PH in children (aged

PAWP, from which further parameters (such as PVR) can be

≥ 3 months), as in adults, is a mean pulmonary artery pressure

calculated to confirm the diagnosis, provide information on prog-

(mPAP) ≥ 25 mm Hg. In the current international classification, five

nosis, and guide the choice of therapy.1,16,17 Thorough clinical

broad subgroups of PH are defined: pulmonary arterial hypertension

investigation is required to detect all potential causes of PH and

(PAH) (Group 1), PH due to left heart disease (Group 2), PH due to lung

diagnose iPAH, as this remains a diagnosis of exclusion.1,14,18,19

diseases and/or hypoxia (Group 3), chronic thromboembolic pulmonary

Biomarkers, such as brain natriuretic peptide (BNP) and N‐

hypertension (Group 4), and PH with unclear and/or multifactorial

terminal prohormone of BNP (NT‐proBNP), are correlated with

mechanisms (Group 5).2,3 PAH is specifically defined as PH with

hemodynamics and right ventricular function and can be used to

pulmonary arterial wedge pressure (PAWP) ≤15 mm Hg and pulmonary

assess disease severity and prognosis, and to define treatment

vascular resistance (PVR) ≥3 Wood units × m2 (≈240 dyn s cm–5), in the

goals.20-23 The prognosis of pediatric PAH varies widely depending

1-3

The 6th World

on etiology, with better survival in iPAH than in associated PAH.12,24

Symposium on Pulmonary Hypertension (WSPH) (2018) proposed an

For example, the UK Pulmonary Hypertension Service for Children

mPAP cutoff of >20 mmHg and suggested a new definition for Group 4

reported 5‐year survival rates of 71.9% in iPAH and 56.9% in

to include chronic thromboembolic pulmonary hypertension (CTEPH)

associated PAH.25 Patients with CHD whose PAH persists after

absence of lung disease and Group 4 or 5 PH.

1,3

and other pulmonary artery obstructions.

surgical repair have very poor survival.24,25 However, a review of 134
children with CHD found no survival difference between four groups

1.1 | Presentation of pediatric PH

of patients with PAH‐CHD (Eisenmenger syndrome; left‐to‐right
shunts; coincidental CHD; postoperative PAH).26 Other predictors of

1.1.1 | Epidemiology

survival include World Health Organization functional class (WHO

The two most common forms of PH in children are PAH (Group 13),

FC), BNP/NT‐proBNP, mean right atrial pressure, PVR, cardiac index,

which accounts for the majority of cases, and PH associated with lung

and response to acute vasoreactivity testing (AVT) (see below).27

disease (Group 3), of which the most common form is bronchopulmonary dysplasia.1,4
The most frequent causes of PAH in children are idiopathic

1.2 | Prognosis

(iPAH), heritable gene defects, and congenital heart disease (CHD);

The reported prognosis of pediatric PAH has improved in recent years,

however, connective tissue disease, human immunodeficiency virus,

coinciding with the widespread use of new PAH‐targeted therapies,

drugs, and portopulmonary hypertension are rare causes in pediatric

although few are licensed for use in children. Evidence to guide treatment

populations.1,4 The prevalence of iPAH has been determined as 2.1 to

of children with PAH is less extensive than for adults, partly because of

4.4 cases per million children, with an incidence of 0.5 to 1‐2 cases

challenges in designing and conducting clinical trials of new therapies in

per million children per year.5-9 PAH‐CHD was more common,

this population. These include strict requirements from regulatory bodies;

comprising 75% of total PAH cases in an American study,8 with

ethical restrictions; recruitment and retention of patients; creation of

prevalence of 10.1 to 15.6 cases per million and incidence of 1.9 to

suitable formulations for use by children; and selection of suitable

2.2 cases per million per year in European studies.5-7 Importantly,

endpoints.28,29 Innovative trial designs, novel endpoints, and incorpora-

hospitalizations for pediatric PH are increasing, particularly for

tion of technology are likely to be required for the full evaluation of drugs

children with non‐CHD‐related PH.10,11

in pediatric populations.30,31

1.1.2 | Diagnosis and assessment

2 | C U R R E NT M A N A G E M E N T O F
PEDIATRIC P AH

The diagnosis of PH in children is challenging as the initial symptoms
are nonspecific. In infants, these include failure to thrive, tachypnea,
and irritability, while in older children, initial symptoms can be

2.1 | Guideline recommendations

exercise intolerance (dyspnea on exertion), with or without chest

An algorithm for the management of PAH in children was developed by

pain.12,13 In more severe disease, cyanosis may also be observed.

the Pediatric Task Force of the 5th World Symposium on Pulmonary

While various algorithms have been suggested for the diagnosis of

Hypertension (WSPH) in 2013 and updated in 2018 following the 6th

PAH in children, none of them is universally accepted, and diagnostic

WSPH.1,32 The update emphasizes serial reassessment to determine

1,14

Infants and young children may

whether patients are reaching treatment goals (Figure 1).1 The algorithm

be unable to undergo all necessary tests, thus making algorithms

recommends that supportive therapy, such as diuretics, oxygen, antic-

difficult to apply. Guidelines recommend pulmonary function testing

oagulation, or digoxin, be considered on an individual basis, although

as well as chest and heart imaging (including echocardiography and

clinical experience suggests that there is limited benefit for children.

practices vary between centers.
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F I G U R E 1 6th WSPH consensus treatment algorithm for the management of pediatric PAH. Reproduced with permission of the ERS 2019.
European Respiratory Journal Jan 2019, 53 (1) 1801916; https://doi.org/10.1183/13993003.01916‐20181. CCB, calcium channel blocker;
ERA, endothelin receptor antagonist; iv, intravenous; PAH, pulmonary arterial hypertension; PDE5i, phosphodiesterase type 5 inhibitor; sc,
subcutaneous; #patients deteriorating or not meeting treatment goals. [Color figure can be viewed at wileyonlinelibrary.com]
In AVT, a vasodilator (eg, inhaled nitric oxide; NO) is administered. A

antimitogenic, and immunomodulatory effects.24,39,40 Prostacyclin levels

decrease in mPAP by ≥10 mm Hg to a value of <40 mmHg with sustained

are reduced in patients with PAH,41,42 providing a rationale for treatment

cardiac output (the Sitbon criteria) identifies patients who are likely to

with prostacyclin analogs (prostanoids).43 In the form of epoprostenol,

have a good long‐term prognosis when treated with calcium channel

prostacyclin has been used since the 1980s for treatment of PAH in

1

blockers (CCBs). These children should receive long‐term oral CCBs.

adults, and several newer prostanoids have since been developed,

Registry data have shown, however, that only 23% of children, judged by

including treprostinil and iloprost, as well as the nonprostanoid

their physician to have a positive acute response to AVT, actually

prostacyclin receptor agonist selexipag.

received CCBs without additional PAH‐targeted therapy.33 Determina34

tion of response to AVT using the Sitbon criteria

is a more reliable

predictor of response to CCBs than physician judgment.

In an early study in children with PAH, intravenous epoprostenol
significantly improved survival in nonresponders to AVT, and in
responders who did not improve with the CCB therapy.44 Subsequently,

Initiation of PAH‐targeted therapy is based on the level of risk, with

a retrospective review indicated that epoprostenol improved the

low‐risk patients receiving an oral endothelin receptor antagonist (ERA)

survival of children with severe PAH.45 The dosing regulation and

or phosphodiesterase type 5 inhibitor (PDE5i), or an oral or inhaled

delivery of epoprostenol are complex, and therefore alternative agents

prostacyclin analog (prostanoid), with a trend toward combining oral

may be preferable for children. A study in pediatric patients with PAH

therapies in countries where it is possible. High‐risk patients should

treated with epoprostenol or treprostinil, indicated that, while

receive an injectable prostanoid alone or in combination with other drugs.

hemodynamic improvements are not sustained at 5 years, both drugs

Early combination therapy, including triple combination therapy, should

improved survival compared with historical controls.46 In children with

be considered for high‐risk patients as has previously been reported in

severe PAH, subcutaneous treprostinil has been shown to improve

adults.35,36 Those who do not respond to medical therapy may require

WHO FC, exercise tolerance, and hemodynamic parameters.47 Numer-

atrial septostomy, a Potts shunt, or lung transplantation. The ultimate

ous case studies and small trials suggest that inhaled iloprost may have

goals of treatment are to improve long‐term outcomes and quality of life.

a role in neonates and children with acute PH, although appropriate

These endpoints are difficult to measure, however, and surrogate

dosing is unclear.48 For example, a study in 22 children with iPAH or

endpoints are often used in clinical trials. These include hemodynamic

PAH‐CHD found that inhaled iloprost reduced mPAP, but also reduced

parameters, biomarkers, and exercise capacity.37,38

forced expiratory volume in 1 second in some children.49

This review concentrates on the role of the NO‐soluble guanylate

Several prostanoids or compounds acting on the prostanoid pathway

cyclase (sGC)‐cyclic guanosine monophosphate (cGMP) pathway in

are being evaluated in trials with wholly or partly pediatric cohorts with

PAH, therefore data on prostanoids and ERAs are discussed briefly.

PAH. These include treprostinil (ClinicalTrials.gov: NCT01027949),
iloprost (NCT02825160), and selexipag (NCT03492177), while ralinepag

2.2 | Prostanoids
Endogenous prostacyclin (prostaglandin I2) activates prostacyclin receptors in pulmonary vascular smooth muscle cells and other tissues,

is being evaluated in adults with PAH (NCT02279745, NCT03626688).

2.3 | ERAs

increasing production of cyclic adenosine monophosphate, which induces

Endogenous endothelin‐1 (ET‐1) acts via endothelin A and B

pulmonary vasodilation as well as antithrombotic, antiproliferative,

receptors to cause vasoconstriction and promote the proliferation
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completed STARTS‐1 were eligible to enter a long‐term open‐label

ERAs, including

extension (STARTS‐2), in which those who had previously received

bosentan, ambrisentan, and macitentan, act by antagonizing the

sildenafil continued their previous dose, while those who had received

activity of ET‐1. Ambrisentan is a selective ETA receptor antagonist:

placebo were randomized to high‐, medium‐, or low‐dose sildenafil.61

macitentan and bosentan are dual ETA and ETB receptor antagonists.

The result showed an increase in mortality with high‐dose sildenafil

In children with PAH, bosentan has been shown to improve exercise

compared with low and medium doses. Analyses adjusted for baseline

capacity and functional status.51-53 The efficacy and tolerability of

characteristics, including PAH etiology, PVR index, and right atrial

bosentan are maintained during long‐term treatment.54,55 In practice,

pressure, however, produced reduced hazard rations61 and cast doubt

bosentan is often combined with PDE5i, mainly sildenafil, although

on the relationship between dose and survival. The European

there is no clinical trial evidence to support this combination.

Medicines Agency (EMA) subsequently added a warning to the

receptors are upregulated in patients with PAH.

In the USA and several other countries, bosentan is licensed for

labeling for sildenafil (originally approved in 2011) to avoid use of

use in children aged ≥3 years, while in Europe, bosentan is approved

the high dose. By contrast the US Food and Drug Administration (FDA)

for use in children aged ≥1 year. In many countries, bosentan is

released a strong warning in August 2012 against the (chronic) use of

available as a dispersible pediatric formulation, with similar toler-

sildenafil for pediatric patients with PAH (https://www.fda.gov/Drugs/

53,55

Bosentan may be better

DrugSafety/ucm317123.htm). In 2014, however, the FDA clarified this

tolerated in children than in adults, particularly with regard to raised

warning, stating that there may be situations in which the risk‐benefit

liver aminotransferases.56 A small study in children suggested that

profile may be acceptable in individual children, although it is still not

ambrisentan is well tolerated with some evidence of efficacy.57

recommended

Studies of children with PAH being treated with ambrisentan

htm). Additional pediatric trials of sildenafil in PAH have been

(NCT01342952 and NCT01406327) and another ERA, macitentan

performed but are not discussed here because of low patient numbers

(NCT02932410 and NCT00667823) are ongoing.

and/or lack of placebo control.62-75

ability to the adult formulation.

(https://www.fda.gov/drugs/drugsafety/ucm390876.

Tadalafil has also been evaluated in children with PAH.76,83-87

2.4 | Drugs acting on the NO‐sGC‐cGMP pathway
2.4.1 | Role of the NO‐sGC‐cGMP pathway in PAH
NO signaling plays a critical role in vasodilation and vascular remodeling
58

in the pulmonary circulation.

NO stimulates production of sGC, which

in turn catalyzes the conversion of guanosine triphosphate to cGMP, the

These open‐label, uncontrolled trials, some of which included
patients previously treated with sildenafil,83-85 suggested that
tadalafil improves hemodynamics and exercise capacity, and is
generally well tolerated (Table 2). While tadalafil is licensed for use
in adults with PAH in Europe and the USA, it is not licensed for use in
children in either region.

primary mediator of NO signaling, leading to vasorelaxation. Disruption

Ongoing trials of sildenafil in children with PAH include trials in

of the NO‐sGC‐cGMP pathway is central to the pathogenesis of PAH,

neonates (ClinicalTrials.gov: NCT01720524), children with β‐thalas-

with reduced NO levels present in the lungs of affected patients.58

semia associated with PH (NCT03402191), and Japanese children
(NCT03364244, NCT01642407). Pharmacokinetic (NCT01484431)
and safety and efficacy (NCT01824290) studies of tadalafil are

2.4.2 | PDE5 inhibitors

also under way.

cGMP is deactivated by phosphodiesterases (PDEs), notably PDE5.

Combination therapy that targets multiple pathways in the

PDE5i such as sildenafil and tadalafil prevent the breakdown of

pathogenesis of PAH is an attractive option to improve the efficacy

cGMP.58 The consequent increase in intracellular cGMP levels results in

of treatment.1,2,88 It may be prescribed upfront, or sequentially with

59

vasodilation and inhibition of vascular smooth muscle proliferation.

the addition of one or two drugs to initial monotherapy, but there are

Sildenafil, licensed for use in adults with PAH in Europe and the

no definitive trials in children. Several studies35,89-92 have suggested

USA, has been extensively studied in children and adolescents with

that combination therapy may improve hemodynamic parameters

PAH (key studies are summarized in Table 1). The largest trial was

and exercise capacity and reduce clinical worsening in adults with

STARTS‐1, in which 235 children and adolescents (age, 1–17 years)

PAH. For example, patients in the placebo‐controlled AMBITION

with PAH were randomized double‐blind to sildenafil at low (10 mg

study were randomized to initial therapy with ambrisentan, tadalafil,

three times daily [tid]), medium (10–40 mg tid), or high (20–80 mg tid)

or both.92 Upfront combination therapy significantly reduced the risk

60

The primary endpoint was the

of clinical failure events compared with either agent as monotherapy.

percentage change in peak oxygen consumption (PVO2) for sildenafil

It also significantly improved exercise capacity, NT‐proBNP, and

vs placebo. The difference in PVO2 between sildenafil and placebo was

clinical response compared with the pooled monotherapy arms. In a

not significant, with a mean (±SE) treatment difference of 7.7 ± 4.0%

meta‐analysis of 17 studies (n = 4095), combination therapy was

(P = .056). PVO2, WHO FC, and hemodynamic parameters did,

associated with a significant reduction in the risk of clinical

however, improve in some dose groups vs placebo. Sildenafil was

worsening compared with monotherapy.93 A retrospective case

generally well tolerated, although two treatment‐related serious

review of data from three major referral centers for pediatric PAH

adverse events (SAEs) occurred in the high‐dose group. The risk‐

found that combination therapy was independently associated with

benefit profile therefore favored medium dosing. Patients who

improved survival compared with monotherapy.94

dose, or placebo for 16 weeks.
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T A B L E 1 Summary of key studies evaluating sildenafil for the treatment of children and adolescents with PAH
Study
76

Sabri et al

Design

Treatment arms

Key findings

Randomized, open‐label study in 42 infants
(age, 3‐24 mo) with a large septal defect
and PAH

Sildenafil 1–3 mg/kg/day
pre‐ and post surgery

• No significant difference in pulmonary artery‐
to‐aortic pressure ratio and sPAP in the first
48 h after surgery
• No significant differences in ICU stay,
mechanical ventilation time, clinical findings
of low cardiac output state, and
echocardiographic data
• Both treatments were well tolerated

Tadalafil 1 mg/kg/day
pre‐ and post surgery

STARTS‐160

Randomized, placebo‐controlled trial in 235
treatment‐naïve children (age, 1‐17 y)
weighing ≥8 kg with idiopathic or hPAH,
or PAH associated with connective tissue
disease or CHD

Low‐dose sildenafil
(10 mg tid)
Medium‐dose sildenafil
(10–40 mg tid)
High‐dose sildenafil
(20–80 mg tid)
Placebo

STARTS‐1
(sub‐analysis)77

STARTS‐261

Post hoc analysis of 48 children (age, 1‐17 y)
with PAH and Down syndrome

Long‐term open‐label extension in 220
children who completed STARTS‐1

Low‐dose sildenafil
(10 mg tid)
Medium‐dose sildenafil
(10–40 mg tid)
High‐dose sildenafil
(20–80 mg tid)
Placebo

• Sildenafil had no effect on PVRI and mPAP

Low‐dose sildenafil
(10 mg tid)
Medium‐dose sildenafil
(10–40 mg tid)

• Deaths reported in 37 patients, of whom 28
had idiopathic or hPAH
• Deaths more likely in patients in FC III/IV
(38%) than the overall cohort (15%), and in
patients with worse baseline hemodynamics
• 3‐y survival rates: 94%, 93%, and 88% for low‐,
medium‐, and high‐dose sildenafil, respectively
(HR [95% CI] = 3.95 [1.46‐10.65] for high vs
low and 1.92 [0.65‐5.65] for medium vs low)

High‐dose sildenafil
(20–80 mg tid)

Xia et al78

Open‐label, randomized, controlled study
in 50 children (age, 2 mo‐2 y) with high‐
altitude heart disease and severe PAH

• Estimated mean change in PVO2 (primary
endpoint) for sildenafil (pooled) vs placebo
was 7.7% (95% CI, −0.2‐15.6%; P = .056)
• PVO2, FC, and hemodynamics improved with
medium and high doses vs placebo; low‐dose
sildenafil was ineffective
• Most adverse events were mild to moderate
in severity

Sildenafil 1 mg/kg/day

Conventional therapy
(control)

• Sildenafil was well tolerated in children with
Down syndrome

• Sildenafil reduced mPAP and increased arterial
pO2, cardiac output, cardiac index, and
oxygenation index vs controls (all P < .05)
• No significant changes in mean arterial
pressure, routine blood parameters and blood
biochemical parameters, and no major adverse
event

Humpl et al79

Open‐label pilot study in 14 children
(age, 5.3‐18 y) with symptomatic PAH
who could reliably perform a 6‐min
walk test

Sildenafil 0.25–0.5 mg/kg
qid (0.1 mg/kg qid in
1 patient)

• 6MWD (primary endpoint) increased from
278 m to 443 m at 6 mo (P = .02) and 432 m
at 12 mo (P = .005)
• The difference between 6 and 12 mo was not
significant
• Median mPAP decreased from 60 mm Hg
to 50 mm Hg (P = .014)
• Median PVR decreased from 15 Wood units m2
to 12 Wood units m2 (P = .024)

Karatza et al80

Case series including one child with
idiopathic PAH (age, 13 y) and two children
with PAH‐CHD (ages, 6 and 10 y)

0.5–2.0 mg/kg 4‐hourly

• Increased exercise capacity and FC in all three
patients
• 6MWD increased by 74%, 75%, and 25%
• Oxyhemoglobin saturations increased from
79%, 97%, and 80% to 93%, 100%, and 93%,
respectively.
• There were no side effects and no fall in
systemic blood pressure

(Continues)

6

|

TABLE 1

BEGHETTI

ET AL.

(Continued)

Study
Mourani et al

81

Lunze et al82

Design

Treatment arms

Key findings

Retrospective chart review of 25 children
(age, <2 y) with chronic lung disease
and PH

1.5–8.0 mg/kg/day

• Hemodynamic improvement in 88% of patients
(median follow‐up: 40 d) (primary endpoint)a
• Eleven of 13 patients with interval estimates
of systolic pulmonary artery pressure with
echocardiogram showed clinically significant
reductions in PH
• Five deaths (20%)
• Adverse events leading to cessation or
interruption of therapy in two patients

Open‐label pilot study in 11 patients (median
age, 12.9 y; range, 5.5‐54.7 y)

Sildenafil (mean dose,
2.1 mg/kg) + bosentan
(mean dose, 2.3 mg/kg)

• No major liver‐ or blood pressure‐related side
effects
• FC generally improved by one NYHA class, with
increased transcutaneous oxygen saturation
(89.9–92.3%; P = .037), maximum oxygen
uptake (18.1–22.8 mL/kg min; P = .043), and
6MWD (351–451 m; P = .039)
• mPAP decreased (62‐46 mm Hg; P = .041)

Abbreviations: 6MWD, 6‐minute walking distance; CHD, congenital heart disease; CI, confidence interval; FC, functional class; hPAH, heritable pulmonary
arterial hypertension; HR, hazard ratio; ICU, intensive care unit; mPAP, mean pulmonary artery pressure; NYHA, New York Heart Association; PAH,
pulmonary arterial hypertension; PH, pulmonary hypertension; pO2, partial pressure of oxygen; PVO2, peak oxygen consumption; PVR, pulmonary
vascular resistance; PVRI, pulmonary vascular resistance index; qid, four times daily; sPAP, systolic pulmonary artery pressure; tid, three times daily.
a
Defined as ≥20% decrease in the ratio of pulmonary to systemic systolic arterial pressure or improvement in the degree of septal flattening assessed by
serial echocardiograms.

In the 6th WSPH treatment algorithm, PDE5i or ERA are

were seen with riociguat 2.5 mg tid‐maximum compared with

considered first‐line treatments in patients with lower‐risk PAH,

placebo, and riociguat was generally well tolerated. On the basis of

with the option of upfront or sequential combination of both classes,

PATENT‐1, riociguat is indicated for the treatment of adults with

especially in those who deteriorate on ERA or PDE5i alone.1

PAH. Patients who completed PATENT‐1 were eligible for a long‐

Combination therapy (parenteral prostanoid plus ERA/PDE5i) should

term, open‐label extension (PATENT‐2) in which all patients (n = 396)

be considered early in higher‐risk patients with PAH.1 At present,

received riociguat 2.5 mg tid‐maximum.103 The improvements in

there is no clear evidence as to which combination or strategy is

6MWD and WHO FC observed in PATENT‐1 were maintained after

optimal.93 Data from the Tracking Outcomes and Practice in

2 years of riociguat treatment, with survival rates at 1 and 2 years of

Pediatric Pulmonary Hypertension (TOPP) registry showed that

91% and 83%, respectively. The RESPITE study reported that

treatment was initiated with 1, 2, or 3 PAH‐targeted drugs in 51.6%,

switching to riociguat was effective and generally well tolerated in

18.0%, and 2.3% of patients, respectively, but there are no robust

patients with PAH who had experienced an inadequate clinical

data on outcomes of upfront vs sequential combination therapy in

response with PDE5i treatment.104 A second study of switching from

children.95

PDE5i to riociguat (REPLACE) is currently recruiting105 (ClinicalTrials.gov: NCT02891850). Riociguat is contraindicated in pregnant
women based on reproductive toxicity and placental transfer in

2.4.3 | Riociguat

animal studies.106,107 In the USA, riociguat is available to female

Riociguat, the first member of the drug class of sGC stimulators, acts

patients only through a restricted program called the Adempas Risk

by directly stimulating sGC, independent of NO, and by increasing

Evaluation and Mitigation Strategy (REMS).107-109

96-98

The ability

Riociguat has not yet been evaluated in children. The PATENT‐

of riociguat to stimulate sGC independently of NO means that it may

CHILD study (Clinical Trials.gov: NCT02562235) (Bayer AG, data on

retain its efficacy under conditions of NO depletion, such as PAH, in

file), an open‐label, single‐arm, dose‐adjustment study, is in progress to

which intracellular concentrations of cGMP are low and the

evaluate the safety, tolerability, pharmacokinetics, pharmacodynamics,

effectiveness of PDE5i may be reduced.99-101

and exploratory efficacy of riociguat in children and adolescents with

the sensitivity of sGC to NO, increasing cGMP levels.

The efficacy and tolerability of riociguat in patients with PAH

PAH. At least 20 patients aged 6–17 years with WHO FC I‐III PAH and

were demonstrated in the double‐blind, placebo‐controlled Phase 3

receiving treatment with ERAs and/or prostanoids for ≥12 weeks

102

Patients (n = 443) were randomized to placebo;

before the baseline visit, will be enrolled. Concomitant use of riociguat

riociguat individually dose‐adjusted up to 2.5 mg tid; or an

and PDE5i is contraindicated106,107 and is therefore not permitted.

exploratory arm in which riociguat was capped at 1.5 mg tid. At

Pretreatment with sildenafil or tadalafil is, however, allowed up to

week 12, significant improvements in 6‐minute walking distance

1 day and 3 days, respectively, before starting riociguat. During the

(6MWD [the primary endpoint]) and several secondary endpoints,

washout period, patients should be in a stable clinical condition and

PATENT‐1 study.
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T A B L E 2 Summary of key published studies evaluating tadalafil for the treatment of children and adolescents with PAH
Study

Design

Treatment arms

Key findings

Retrospective chart review of 33
children (age, 4–18 y) with PAHa

Tadalafil (mean dose,
1.0 mg/kg/day)

• In 14 patients who underwent repeat catheterization,
improvements after switching from sildenafil were
observed in mPAP (53.2 vs 47.4 mm Hg; P < .05) and
PVRI (12.2 vs 10.6; P < .05)
• In four treatment‐naïve patients, clinical improvement
was noted
• Side effect profiles were similar in treatment‐naïve and
switched patients
• Two patients discontinued tadalafil due to adverse
events (migraine; allergic reaction)

Sabri et al85

Prospective open‐label study of
18 children and young adults
(age, 4–24 y) with PAH previously
receiving sildenafil

Tadalafil 1 mg/kg/day
(maximum: 40 mg/day)

• No change in FC after 6 wk, despite some symptom
improvement
• Mean oxygen saturation improved compared with
baseline before and after 6‐minute walk test (P = .005
and .036, respectively)
• Mean 6MWD improved (P = .005)
• No significant side effects of tadalafil

Shiva et al83

Prospective open‐label study of 25
children (age, 2 mo‐5 y) with PAH

Tadalafil 1 mg/kg/day

• Significant improvements in mPAP at all four monthly
visits (P < .01), including in six patients who had
previously received sildenafil for >6 mo
• Tadalafil was generally safe and well tolerated; nausea
was the most frequently reported adverse event (n = 3)

Sabri et al76

Randomized, open‐label study in 42
Infants (age, 3–24 mo) with a large
septal defect and PAH

Sildenafil

• No significant difference in pulmonary artery‐to‐aortic
pressure ratio and sPAP in the first 48 h after surgery
• No significant differences in ICU stay, mechanical
ventilation time, clinical findings of low cardiac output
state, and echocardiographic data
• Both treatments were well tolerated

Takatsuki et al

84

1–3 mg/kg/day pre‐
and post surgery
Tadalafil 1 mg/kg/day
pre‐ and post surgery

Abbreviations: 6MWD, 6‐minute walking distance; FC, functional class; ICU, intensive care unit; mPAP, mean pulmonary artery pressure; PAH, pulmonary
arterial hypertension; PVRI, pulmonary vascular resistance index; sPAP, systolic pulmonary artery pressure.
a
29 patients switched from sildenafil (mean, 3.4 mg/kg/day) to tadalafil.

receiving ERAs and/or prostanoids. PATENT‐CHILD consists of a

demonstration of efficacy in terms of 6MWD in adults cannot be

24‐week main phase, followed by an optional long‐term extension

directly translated to the pediatric population. Pediatric‐specific

phase. Following safety review of an initial group of patients aged ≥ 12

biomarkers, such as functional classification and NT‐proBNP,

years by an independent Data Monitoring Committee, recruitment has

have been evaluated,1 and are exploratory efficacy endpoints

been opened to the 6–11 years of age group. Patients will receive

(in addition to 6MWD) in PATENT‐CHILD.

riociguat as film‐coated tablets, adjusted to doses of 1.0–2.5 mg tid, or
an oral suspension, providing equivalent exposure to adult doses of 0.5
mg–2.5 mg tid.

3 | CO NCL USIONS

Growth and development in children entail constant hormonal
and metabolic changes, necessitating thorough assessments

Diagnosis and management of pediatric PAH are challenging and

throughout clinical trials in PAH.1 In preclinical studies, riociguat

should be conducted only in expert centers. The introduction of

induced alterations to bone morphology in juvenile and adolescent

prostanoids, ERAs, and PDE5i has coincided with an improvement in

rats (Bayer AG, data on file). These findings were seen at 3–4 times

the reported prognosis of pediatric PAH, and guidelines recommend

greater exposure than in clinical use, were reversible, and were

use of these agents, alone or in combination, for patients who do not

not considered prohibitive for the initiation of PATENT‐CHILD

respond to acute vasoreactivity testing. Despite these improvements,

(Bayer AG, data on file). To assess bone safety during the study, a

the prognosis in children with nonvasoreactive PAH remains poor.

bone X‐ray of the left hand will be performed at baseline, at week

There is therefore a need for new therapies and regimens. Data from

24, and every 12 months until growth plates are closed, and bone

clinical trials, both for monotherapy and for agents added to standard

age and morphology will be determined centrally by a specialist.

of care, are now becoming available. Pooling of data across trials,

Safety (the primary endpoint) will also be assessed in terms of

supplemented by registry data, will help to confirm the safety and

adverse events and SAEs, vital signs, and laboratory parameters.

tolerability of these agents in children. Older strategies based on

Selection of efficacy endpoints for children with PAH is difficult

therapy escalation at the time of clinical worsening, should be

and is a matter of debate among experts.1,110 Importantly, the

challenged by investigating switching and combination therapy in
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clinical trials and registries. There are limitations to using RHC in
children. Innovative efficacy endpoints, such as those that combine
measures of improvement and worsening, should be explored.
Registry data will be important in the validation of composite disease
progression endpoints.
The PATENT‐CHILD trial is in progress to assess the pharmacokinetics, safety, and exploratory efficacy of riociguat in children
and adolescents with PAH. Until results from PATENT‐CHILD are
available, we strongly recommend that riociguat should be given to
children only when participating in a clinical trial, and that clinicians
should not use riociguat empirically in pediatric patients.
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