
© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2021;11(4):1144-1159 | http://dx.doi.org/10.21037/cdt-20-912

Introduction

Pulmonary arterial hypertension (PAH) is a devastating 
illness with significant morbidity and decreased life 
expectancy, already in childhood. PAH may have different 
etiologies, of which PAH due to congenital heart defects 
(PAH-CHD) and idiopathic PAH may be the two most 
frequently underlying causes for PAH in children. In PAH-
CHD, the disease is most often associated with left-to-
right shunt due to congenital heart disease leading to a 
poor prognosis with early death due to right ventricular  
failure (1). A national epidemiological study from the 

Netherlands over a 15-year period reported an annual 
incidence rate of 63.7 per million children with “transient” 
PAH being the most prevalent one (82%, e.g., PAH-CHD 
after shunt defect repair or PPHN). Of the remaining 
patients, 42% had PH due to lung disease, 27% had PH 
due to left heart disease, 26% had “progressive” PAH 
(namely, IPAH and PAH-CHD), and less than one percent 
had CTEPH. Based on these Dutch data, the mean annual 
incidence and point prevalence for patients with idiopathic 
PAH were 0.7 and 4.4, and for patients with PAH-AHF 
2.2 and 15.6 cases per million children, respectively (2). 
Children with PAH are currently treated according to 
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therapeutic guidelines extrapolated from adults, but 
especially in children with PAH-CHD, their specific 
pathophysiology has to be taken into account (3).

New therapeutic targets and drug classes have evolved 
over the years, being adopted from adult into pediatric 
PAH treatment. Especially in the last two decades progress 
has been made with promising substances that promote 
pulmonary vasodilation and/or antiproliferative effects in 
the pulmonary vasculature. 

We summarize the current therapeutic options and 
possible new therapeutic approaches for pediatric PAH. 

Treatment algorithm

Treatment of pediatric pulmonary hypertension is focused 
on two aspects: specific pulmonary antihypertensive 
treatment and conventional and supportive therapy (4). 
The pediatric guidelines have recently been updated by 
the Pediatric Task Force of the 6th World Symposium on 
Pulmonary Hypertension in 2018.

Conventional and supportive therapy

The conventional therapy of pediatric PAH includes 
diuretics, anticoagulation, digoxin. 

Diuretics are often needed to relieve symptoms in 
patients with signs of right heart failure or in patients 
with pulmonary hypertension related to left ventricular 
diastolic dysfunction. Despite the fact that no randomized 
controlled trials have been conducted on the use of 
diuretics for the indication of pulmonary arterial 
hypertension, diuretics are frequently used for treatment 
of fluid overload which may present in children with hand, 
ankle or eyelid edema, hepatic congestion as ascites. In 
children, hydrochlorothiazide or furosemide may be used, 
sometimes combined with aldosterone antagonists such as 
spironolactone for their additive effect.

Diuretics however should be used with caution since they 
reduce preload. Reduction in preload in turn will reduce 
ventricular filling and thus cardiac output; that may lead to 
cardiocirculatory compromise if reduced below a critical level. 
In addition, side effects of potassium depletion associated with 
hydrochlorothiazide and furosemide will increase the risk for 
arrhythmia in patients treated with these substances.

Digoxin and digitoxin are not recommended for 
pediatric PAH on a routine basis. Historically they were 
recommended in patients with right ventricular dysfunction 
associated with PAH (5). The use of digoxin or digitoxin 

can be considered in individual patients presenting with 
overt right heart failure (4). 

Anticoagulation with warfarin or phenprocoumon was 
once not recommended on a routine basis in children with 
idiopathic pulmonary arterial hypertension (6). Chronic 
anticoagulation can be useful in patients with progressive 
IPAH/HPAH (empirical goal INR 2.0 to 2.5), patients 
with CTEPH, patients with low cardiac output, and those 
with hypercoagulable states (7). The risks of bleeding 
complications (e.g., cerebral, gastrointestinal etc.) must 
be weighed against potential benefits in patients with low 
cardiac output. Often right heart failure will be associated 
with bleeding symptoms and/or anomalies in coagulation 
screening tests (6).

For pediatric patients, direct oral anticoagulants may 
pose a more suitable alternative since invasive therapeutic 
drug monitoring can be avoided, but there are not even 
adult data available whether these agents prove the same 
benefit as vitamin K antagonists (8). There are studies on 
the use of direct oral anticoagulants underway, but not in 
pediatric patients with pulmonary arterial hypertension (9),  
although these agents are used in practice for this 
indication. Pediatric data has only been established for the 
use of dabigatran in venous thromboembolism (10,11). 
Nevertheless, there might be in vitro evidence pointing 
at pharmacokinetic drug interactions between direct oral 
anticoagulants and phosphodiesterase 5-inhibitors (12). 

Oxygen as supportive therapy is indicated in patients 
with proven hypoxemia during rest (<92%) or during 
exercise. Oxygen may relieve symptoms in children with 
severe right heart failure due to PAH (4,7,13).

Specific pulmonary-antihypertensive treatment

Calcium channel blockers (CCBs)
CCBs are indicated in patients with PAH who show a positive 
response in acute pulmonary vasoreactivity testing (AVT). 
For patients with IPAH/HPAH, the hemodynamic change 
that defines a positive response to AVT in PH without a 
cardiovascular shunt is a ≥20% fall in both mean PAP and 
PVR/SVR ratio without a decrease in cardiac index (7).  
The World Symposium on Pulmonary Hypertension 2018, 
however, has recommended the use of the Sitbon criteria for 
a positive AVT in children with IPAH/HPAH, as defined 
by a decrease in mean PAP by at least 10 mmHg to a mPAP 
value below 40 mmHg without a fall in cardiac output (14). 
Amlodipine, nifedipine and diltiazem are the CCBs that 
are used in most centers (for dosage recommendations, 
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see Table 1). Children with increased right atrial pressures 
(>8 mmHg), right ventricular systolic dysfunction and/
or overt heart failure should not be treated with CCBs. 
Verapamil should not be used due to its marked negative 
inotropic effects. Patients under monotherapy with CCB 
must be monitored as any other patient with iPAH since 
deterioration may occur over time (26).

Targeted therapies
In the last two decades progress has been made with 
promising substances that promote pulmonary vasodilation 
and/or antiproliferative effects in children with PAH. These 
therapies target the three main therapeutic avenues in PAH: 
(I) the nitric oxide pathway, (II) the endothelin pathway and 
(III) the prostacyclin pathway (27,28). 

Phosphodiesterase 5 inhibitors
Phosphodiesterase type 5 inhibitors, e.g., sildenafil and 
tadalafil, are used in children with PAH. Sildenafil usually is 
the drug preferably used by most centers for this indication. 
Studies suggest favorable effects of sildenafil in this 
population (21,29). The clinical experience with sildenafil 
in children has recently been summarized by Dhariwal 
and Simonca (30,31). Most of the initial studies included 
patients with different etiologies of PAH. 

Oral dosage recommendations vary: in children 
weighing 8–20 kg an oral dose of 10 mg t.i.d. Sildenafil 
has been recommended, and for children >20 kg a dose of  
20 mg t.i.d. has been recommended by the EMA (22). Other 
dosing practices include 0.5–2 mg/kg/d divided in 3–4 doses 
(0.125–0.5 mg/kg t.i.d./q.i.d.; Table 1). Sildenafil dosing in 
children has been limited to 20 mg t.i.d. after the U.S. Food 
and Drug Administration (FDA) issued a warning regarding 
high doses of sildenafil based on the STARTS-2 trial (22). 
Data from a large cohort of 269 children <18 years proved 
safety and efficacy when sildenafil was administered at  
1 mg/kg t.i.d. (32). In children <2 years of age weighing 
less than 8 kg sildenafil has been administered in dosages of 
0.5–1.0 mg/kg BW t.i.d. which was increased to 1.5–8 mg/
kg/d in 3–4 doses. It was tolerated at that dose in the setting 
of PAH associated with chronic lung disease (33).

After oral administration, sildenafil is rapidly absorbed 
over 0.5–1.5 hours, and its bioavailability has been described 
with around 40% in adults. Maximum plasma concentrations 
are reached about 0.5–2.5 h after administration. Sildenafil 
is then rapidly metabolized by cytochrome P450 enzymes 
CYP3A4/5 (also CYP3A7 in neonates) and CYP2C9 to 
N-desmethylsildenafil (UK-103320), which has about 50% 

of the parent drug’s activity. 
The route of administration of sildenafil has an important 

influence on bioavailability: clinical data indicate suboptimal 
enteral absorption of this drug with 50% of treated children 
lacking exposure (34,35). Sublingual administration has 
been shown to produce higher exposure and should be the 
route of choice in children (36).

Less data is available for the use of oral tadalafil in 
children, as for the transition from sildenafil to tadalafil. 
Tadalafil has a longer half-life and longer duration of action 
than sildenafil and it is also metabolized by CYP3A (37). 
The pharmacokinetics of tadalafil in children were first 
studied by Kohno et al. (38). Tadalafil was administered to 
23 children aged between 0.25 and 17.4 years at an empirical 
daily dose of 0.97±0.41 mg/kg. Clearance and volume of 
distribution were higher than reported in adults and no 
effect of age, concomitant treatment with bosentan, or the 
estimated glomerular filtration rate were noted. A more 
recent study reported lower exposure (AUC), Cmax and 
T1/2 in children, but Cmax was significantly higher during 
coadministration of bosentan and oral prostacyclin (39). A 
retrospective study in 33 pediatric patients concluded that 
tadalafil has been beneficial for transition from sildenafil 
with the potential advantage of a once-daily dosing (40).  
Takatsuki et al. investigated the safety, tolerability, 
and effects of tadalafil in children (aged 4–18 years)  
with pulmonary arterial hypertension (PAH) after transition 
from sildenafil or with tadalafil as initial therapy. Clinical 
and hemodynamic improvement was reported for most 
patients in this study (40). 

In another small multicentre study in 25 patients 
aged 2 months to 5 years with PAH-CHD or PPHN, 
hemodynamic improvement could be observed during 
tadalafil in patients who had been treated with sildenafil 
before or who were treatment-naïve (41). 

Japanese post-marketing surveillance data was used 
to assess safety and effectiveness of tadalafil in patients 
<18 years (42). Among 391 patients included in the safety 
analysis, the overall incidence rate of ADRs was 16.6%. 
Regarding effectiveness, the incidence of WHO functional 
class improvement at 3 months, 1 year, and 2 years after 
the initiation of tadalafil and last observation in pediatric 
patients were 16.5%, 19.7%, and 16.3%, respectively (42).

Transient postoperative PAH
Sildenafil is also available as an intravenous preparation 
and is used in children with congenital heart defects for 
transient postoperative PAH in the PICU in doses of 0.7– 
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2 mg/kg/d during continuous monitoring of systemic blood 
and central venous pressure.

Tadalafil has also been used perioperatively in patients 
with PAH due to systemic-to-pulmonary shunts (43). In 
comparison with sildenafil, tadalafil was administered to 21 
children before and after surgery. There was no difference 
between groups regarding hemodynamic (PA pressure, PA 
pressure/systemic pressure ratio) clinical (ICU length of 
stay) and safety parameters.

Eisenmenger
PDE5 inhibitors have also been established as pulmonary 
vasodilator therapy in patients with Eisenmenger syndrome. 
A recent systematic review reported an improvement 
of WHO functional class and exercise functions, while 
hemodynamic measurements did not show a significant 
improvement (44). Several small studies in young 
Eisenmenger patients (mean age approx. 30 years) 
reported improved quality of life and functional capacity 
during sildenafil treatment, and even increased survival 
during long-term treatment (45,46). Similar results were 
reported for a small cohort of adolescent and young adult 
Eisenmenger patients (47). 

Experience on the use of tadalafil in patients with 
Eisenmenger syndrome is scarce, but small studies report 
a benefit regarding 6-MWD, WHO FC and PVR in adult 
patients (48,49). In a small prospective study, 18 patients 
with mostly PAH-CHD ± Eisenmenger syndrome aged 
4–24 years were switched from sildenafil to tadalafil. A 
short-term follow-up 6 weeks later showed no statistically 
significant changes in NYHA class, but patients described 
a decrease in symptoms (chest pain, cyanosis, and exercise-
induced fatigue) compared to sildenafil, and the 6-MWD 
was significantly longer (23).

Fontan circulation
There is some evidence that PDE5 inhibitors have 
beneficial short-term and long-term effects in patients 
after Fontan surgery. Tunks et al. studied nine children 
<10 years undergoing routine cardiac catheterization after 
Fontan surgery. A single IV dose of sildenafil improved 
cardiopulmonary hemodynamics, increasing cardiac  
index (50). Similar results were reported by Mori et al., who 
studied 42 pediatric and adolescent patients with single 
ventricle physiology and reported a significant reduction 
in PVR and significantly improved 6MWD and NYHA 
functional class (51). Hager et al. reported an improved 
exercise capacity in Fontan patients even after a single dose 

of sildenafil (52). A recent systematic review suggested 
that sildenafil among bosentan and iloprost may increase 
exercise capacity in patients in Fontan patients (53) 

Tadalafil has also been studied in patients with Fontan 
circulation (54). Sabri et al. report on their experience in  
15 patients after modified Fontan operation who were treated 
with tadalafil for 6 weeks. Tadalafil was shown to have a 
beneficial effect on myocardial function, exercise performance, 
and improvement in NYHA functional class (54). 

Endothelin receptor antagonists
Endothelin receptor antagonists are currently, besides 
phosphodiesterase 5 inhibitors, applied in the long-term 
therapy of pediatric PAH.

Bosentan, an orally administered dual endothelin 
receptor antagonist targeting the endothelin receptors 
type A (ETA) and type B (ETB), predominantly used as 
ERA in children and is approved by the EMA for children 
older than one year of age. Recommendation for dosage is 
0.5–2 mg/kg BW b.i.d. (see Table 1). Adverse effects that 
are observed include nausea, headache, flushing, abdominal 
pain and edema. Regular liver function tests and blood 
counts are recommended due to potential negative effects 
on liver function and erythropoiesis. Bosentan seems to 
improve survival rates in children with PAH, but the disease 
progression remains a concern (55,56). Moreover, dose-
normalized exposure in children is highly variable and 
differs by factor ~30 (57).

A pharmacokinetic study of bosentan and tadalafil in 
children reported lower Tmax, T1/2 and AUC than known 
from adults, and found that in contrast to previous studies, 
bosentan trough levels were dependent on the administered 
dose (39,58,59). 

Ambrisentan is an orally administered endothelin 
receptor antagonist highly selective for the receptor subtype 
A, however, limited data are available in children (19). At 
present, ambrisentan use in children is considered off-label. 
Up to now, only one retrospective study investigating the 
pharmacology of ambrisentan in 38 children suggested that 
the use of ambrisentan may have a favorable safety profile 
and potential efficacy in children with PAH, but its dose-
normalized exposure is also highly variable (~factor 6) (19).  
Ambrisentan is administered off-label according to a 
weight-based dosing scheme (Table 1).

Macitentan is a dual endothelin receptor antagonist 
which has been approved for the treatment of PAH in 
adults, but is used off-label in children. Macitentan is able 
to penetrate deeper into the tissure and and also binds 
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longer to the ETA receptor compared with bosentan (60). 
A single center prospective study in a cohort of 13 patients 
aged 12 to 35 years over 24-week showed a beneficial effect 
of a switch from bosentan to macitentan with respect to 
exercise capacity (61). After 24 weeks, there was no further 
increment in exercise capacity in this cohort of patients with 
different etiologies of PAH (62). Eighteen patients younger 
than 12 years were prospectively assessed after either 
switching from sildenafil and/or bosentan to macitentan or 
who were treatment-naïve (20). Schweintzger et al. reported 
improvements in invasive hemodynamics, tricuspid annular 
plane systolic excursion (TAPSE) and NT-proBNP values 
after median 6 months (20). Macitentan is administered to 
children >12 years of age at a dose of 5–10 mg daily (Table 1).

Eisenmenger syndrome
A greater survival was reported in a cohort of 253 
Eisenmenger patients (66% treated with bosentan, 35% 
treated with sildenafil) despite they were comparatively 
s icker prior to treatment compared to untreated  
patients (63). The patients were followed-up for median 
9 years, one third of the cohort consisted of patients with 
Down syndrome. A systematic review attributed bosentan 
a long-lasting effect on exercise tolerance in long-term 
treatment (44), while another review reported improved 
hemodynamic effects of bosentan in Eisenmenger patients, 
but a controversial effect on exercise capacity (64). 

In the MAESTRO study in patients >12 years presenting 
with PAH-CHD and Eisenmenger syndrome, Macitentan 
did not show superiority over placebo on the primary 
end point of change from baseline to week 16 in exercise 
capacity (65). The investigators related this result to the 
inclusion of patients with Down syndrome. The patients’ 
cooperation might not be consistent and thus 6MWD may 
be a less suitable endpoint, therefore the beneficial effects of 
PAH-specific therapy on 6MWD may be less pronounced 
in this population (65). 

Fontan circulation
Bosentan also lead to hemodynamic and functional 
improvement in a small series of children and adolescents 
with Fontan circulation and a PVR ≥2 WU*m2. They were 
treated with bosentan 0.5 mg/kg b.i.d., for 4 weeks, followed 
by 1 mg/kg b.i.d. for 5 months (maintenance period) (66). 
Most benefit was seen in adolescents with improved physical 
ability, ventilatory capacity and oxygen consumption, as well 
as significantly lowered pulmonary vascular resistance (PVR) 
and increased indexed systemic output (QSI).

Another small, placebo-controlled study of bosentan, 
which was dosed based on weight ranges, in pediatric 
Fontan patients (n=5 bosentan vs. n=4 placebo) aged 
6.5–13 years, found improved NYHA functional status and 
6-minute walking distance while also showing a favourable 
side-effect profile (67).

Ambrisentan has recently been used as short-term 
treatment following Fontan surgery (18). Its clearance was 
reduced in Fontan patients aged 26–72 months; the authors 
suggested abnormal hepatic metabolism in this population. 
Furthermore, a favorable safety profile was observed and 
it was concluded that its hemodynamic effect may be 
beneficial in Fontan patients.

Prostacyclin analogues and stimulators of prostacyclin 
receptors
Epoprostenol was the first intravenous prostacyclin 
analogue used in children with PAH. Epoprostenol has no 
EMA approval for patients <18 years of age. However it 
has been used in several studies and has shown significant 
improvement of symptoms and survival (68). A disadvantage 
is the need for implantation of a permanent intravenous 
line—with associated risk of infection/sepsis and the risk of 
severe rebound pulmonary hypertension caused by abrupt 
cessation of intravenous application (e.g., when the IV 
catheter is clogged etc.).

Treprostinil can be given subcutaneously or intravenously. 
Limited data in 8 children receiving subcutaneous 
treprostinil have shown improvement in functional class 
and hemodynamics (69). Pain at the injection site represents 
one of the disadvantages of subcutaneous treprostinil use. 
Inhaled treprostinil (70) and oral treprostinil (71) have 
been used in small series including 32 children; all patients 
showed drug-related adverse events (headache, vomiting, 
diarrhea, flushing).

Inhaled iloprost, first reported by Olschewski and co-
workers, has been used effectively in adults with PAH (72). 
Iloprost is not approved by the EMA for the use in children. 
Its use in children is limited by the patients’ compliance 
due to the necessity of repetitive inhalations 6 times a day. 
Inhaled iloprost has been used in the perioperative setting 
in patients after intracardiac repair of left-to-right shunts 
(73) and children with IPAH or PAH-CHD (74).

Prostacyclin receptor agonist
Selexipag is a selective IP prostacyclin-receptor agonist. It is 
used in adults as an add on therapy in patients with PH who 
were treated with a dual therapy using endothelin receptor 
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antagonist and phosphodiesterase-5 inhibitor therapy 
(75,76). Selexipag reduced the risk of the primary composite 
endpoint of morbidity/mortality in a study in adults (77). 

Limited data exist in children; no relevant side effects 
were reported (78,79). Only recently, selexipag was used 
in a prospective observational study as add on therapy in 
15 children with PAH with variable efficacy improving 
outcome-relevant variables in about 50% of patients (25).  
Another small study in 10 patients reported at least 
improved clinical parameters after switching from IV 
treprostinil to PO selexipag (80). There are no dosing 
recommendations for selexipag in children, but the authors 
used a weight-based scheme (see Table 1 for details). 

Direct stimulator of the soluble guanylate cyclase
Riociguat is a direct stimulator of the soluble cGMP. 
In adults with CHD the PATENT-1 trial has shown its 
efficacy in improvement of clinical symptoms, but pediatric 
experience is limited (81). Current studies aim to clarify the 
role of riociguat in the treatment of PAH in children (24). 
After uptitration, the pediatric dose range is 1–2.5 mg t.i.d. 
p.o. (Table 1).

Early combination therapy

Current guidelines recommend the initiation of targeted 
therapies based on a risk assessment (Figure 1). In children 
with lower risk, initiation of a PDE5 inhibitor or an ERA is 
recommended, whereas patients with higher risk should be 
treated with a combination PDE5 inhibitor + ERA upfront 
(+ prostacyclin, if needed) (4). Early combination therapy 
with two oral PAH-targeted drugs in newly diagnosed 
(treatment-naïve) children with PAH in WHO functional 
class II-III is reasonable (4,7,15). At present, however, there 
is not sufficient evidence that initial combination therapy 
in children is superior to a mono-therapy with respect 
to survival, due to the lack of adequate prospective study 
data (for ethical reasons). A very recent retrospective study 
followed up on a small cohort of 21 children aged 2.5– 
12.8 years (WHO FC III/IV) who had received upfront 
triple therapy for up to >6 years (82). The patients with 
PAH (not PVOD) improved significantly during upfront 
triple combination therapy for up to 1 year, but upon 
last follow-up, only 7 remained on oral PAH-targeted 
therapy without any intervention or death. Due to the lack 
of a control group of similar patients with severe PAH, 
comparisons with an initial dual PAH-targeted drug therapy 
are not possible. 

Off label use

There is no reason to favour the off-label drug use in 
children with PAH. But there is a clear need for more 
controlled studies of PAH combination therapy in the 
pediatric age group, also regarding drug-drug interactions 
between oral PAH-targeted drugs.

At present any medical therapy can only prolong the time 
until the patients’ health will deteriorate. Therefore, it is 
mandatory to refer the patients early to a tertiary center and 
to discuss the option of lung transplantation before severe 
hemodynamic compromise will lead to clinical deterioration 
and medical emergencies, or even fatalities.

Experimental therapeutics and novel therapeutic 
approaches 

Ongoing studies

Riociguat is under evaluation for treatment in children with 
PAH (e.g., NCT02562235) (24). Also, Selexipag is currently 
investigated in pediatric Phase 2 and 3 trials (NCT03492177 
and NCT04175600). 

Novel therapies

Several novel treatment approaches have been evaluated 
in adults with promising or unsatisfactory results (83). 
Only a limited number of these concepts can be and have 
been transferred to children (15). A phase 2 safety study 
of imatinib in children with pulmonary hypertension 
(NCT00583115) was terminated because of the inability to 
enroll subjects.

Recent studies in adults have discovered new treatment 
pathways (84). An overview is given in Table 2 (84-95). 
These concepts target inflammation, elastase inhibition, 
metabolic dysfunction, cellular therapies,  genetic 
abnormalities, and DNA damage, as well as hormone 
treatment. Tacrolimus (FK506) has been used in adult 
PAH patients to enhance diminished BMPR2 signaling 
(85,86). Tacrolimus treatment led to an increase in BMPR2 
expression as well as improvement in 6-MWD, serologic 
and echocardiographic parameters of heart failure; but 
these changes were not significant in a small study of 20  
patients (85). 

Challenges in treatment

Giving recommendations for treatment of PAH in children 
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Figure 1 Pediatric idiopathic/familial pulmonary arterial hypertension treatment algorithm following current guidelines (4). #, deterioration 
or not meeting treatment goals. CCB, calcium channel blocker; ERA, endothelin receptor agonist; PDE5i, phosphodiesterase type 5 
inhibitor.

Expert referral

General: consider diuretics,
oxygen, anticoagulation, digoxin Acute vasoreactivity testing

Oral CCB

Positive

Improved and
sustained
reactivity

Continue
CCB

Yes

Lower risk

ERA or PDE5i (oral)
Oral/ inhaled prostacyclin/ 

prostacyclin agonist
Consider combination therapy 

(sequential or upfront)

Higher risk

Atrial
septostomy

Serial reassessment#

Lung
transplant

Potts shunt

Epoprostenol or
treprostinil (i.v./s.c.)

Consider early combination

Negative

No

is difficult for several reasons: (I) insufficient pediatric 
data available for most drugs compared to adult PAH 
patient cohorts; (II) variability in pharmacokinetics related 
to patient age and other factors (96); (III) definition of 
clinically suitable endpoints for the use in children (4,15); 
(IV) evaluation and comparison of available therapies in 
children. 

Extrapolation of adult data

Treatment algorithms have been published by European and 
American institutions on the basis of adult and, if available, 
pediatric data and consensus of experts. These algorithms 
mainly focus on (I) determination of risk of an individual 
patient and (II) the result of AVT and (III) the extent of the 
patient’s personal impairment (Figures 1,Table 3). 

The therapy of PAH in children comprises the off-
label use of drugs which are known to be effective in adults 
with PAH. There has a limited number of prospective 
studies been performed in children with PAH. Off-label 
prescription of pulmonary antihypertensive drugs places 
this vulnerable population at risk for therapeutic failures 

and adverse events due to insufficient knowledge about the 
pharmacology of these drugs in this age group. 

Pharmacokinetic considerations

At present there is  a lack of data with respect to 
pharmacokinetics and optimum dosage for most of the 
available drugs used in PAH treatment, their safe use and 
their therapeutic efficacy in children. Moreover, there are 
no pediatric data with respect to drug-drug interactions 
and side effects when using a combination of pulmonary 
antihypertensive drugs in infants and children.

Up to date, there is a lack of knowledge about the effects 
of a combination therapy with ERA and PDE-5 inhibitors 
regarding pharmacokinetic and pharmacodynamics 
interactions and how it influences the therapeutic outcome 
in pediatric PAH. When using the combination of bosentan 
and sildenafil it is expected that the CYP3A-mediated 
interaction of bosentan and sildenafil will lead to low 
and insufficient plasma levels of sildenafil associated with 
elevated plasma levels for bosentan (16,17). 

In a study using samples from therapeutic drug 
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monitoring in adults, sildenafil or tadalafil concentrations 
were lowest in combination with bosentan compared to 
the combinations with ambrisentan and macitentan (17).  
The combination of sildenafil and bosentan led to more 
than twice the expected bosentan concentrations in 53.8% 
of patients. Patients switching from sildenafil-bosentan 
to macitentan showed a significant increase in sildenafil 
concentrations. It was concluded that bosentan and 
sildenafil showed the most pronounced interaction. In 

contrast, Nakau et al. reported significantly higher blood 
tadalafil concentrations in pediatric patients who received 
concomitant bosentan and prostacyclin (39). 

With respect to the bioavailability of sildenafil the 
limited resorption in small children has to be taken into 
account and sublingual administration may be preferred 
(35,36). Preliminary data indicate a reduced enteral 

absorption of orally administered sildenafil in infants 
and children resulting in a decreased oral bioavailability 
of this drug (34,35). Data collected through therapeutic 
drug monitoring (TDM) in critically ill children with 
PAH admitted to ICU in our hospital showed that 75% 
of the patients did not reach therapeutic plasma levels 
of sildenafil (96). A possible explanation for the variable 
enteral absorption might be a compromised intestinal 
blood flow due to heart failure emphasizing the need for 
alternative routes of administration. TDM data obtained 
for ambrisentan showed a higher clearance in pediatric 
intensive care patients.

Other factors modulating the pharmacology of these 
drugs are genetic polymorphisms of drug transporters, 
drug metabolizing enzymes and receptors which can 
influence drug disposition as well as efficacy and safety 
of the therapy. The impact of ontogeny, the process of 

Table 3 Risk assessment in PAH (4)

Lower risk Determinants of risk Higher risk

No Clinical evidence of RV failure Yes

No Progression of symptoms Yes

>350 6MWT (>6 years old) m <350

Normal Growth Failure to thrive

I, II WHO FC III, IV

Minimally elevated Serum BNP/NT-proBNP RA/RV enlargement

Rising level

Echocardiography RA/RV enlargement

Reduced LV size

Increased RV/LV ratio

Reduced TAPSE

Low RV FAC

Pericardial effusion

Systemic CI >3.0 L/min/m2 Haemodynamics Systemic CI <2.5 L/min/m2

Systemic venous saturation >65% mRAP >10 mmHg

Acute vasoreactivity PVRI >20 WU/m2

Systemic venous saturation <60%

PACI <0.85 mL/mmHg/m2

RV, right ventricle; 6MWT, 6-min walk test; WHO, World Health Organization; FC, Functional Class; BNP, brain natriuretic peptide;  
NT-proBNP, N-terminal pro-BNP; RA, right atrium; LV, left ventricle; FAC, fractional area change; TAPSE, tricuspid annular plane systolic 
excursion; CI, cardiac index; mRAP, mean right atrial pressure; PVRI, pulmonary vascular resistance index; WU, Wood Units; PACI, 
pulmonary arterial compliance index.
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growth and maturation, may affect pharmacokinetics (97). 
For example, infants and younger children may show a 
higher metabolic activity than adults leading to an increased 
clearance capacity and insufficient exposure to the particular 
drug. Therapeutic drug monitoring should thus be applied 
in pediatric patients with insufficient therapeutic response 
(36,39). 

Due to the devastating prognosis of PAH in children, 
it is crucial to investigate the pharmacology of orally 
administered pulmonary antihypertensive drugs like ERA 
and PDE-5 inhibitors in children in order to optimize 
their pharmacological treatment with focus on survival and 
quality of life.

Optimal endpoints for pediatric PAH

In pediatric PAH, there are unique challenges to drug 
development and evaluation, including identifying 
appropriate study endpoints, enrolling patients, and 
conducting randomized, controlled, double-blind clinical 
studies in which the likelihood of meeting the study 
endpoint is optimized.

For pediatric PAH trials, clinically meaningful endpoints 
should be used, and due to the wide age span and underlying 
diagnoses, composite endpoints should be used in children, 
e.g., combinations of (98): (I) clinical events relevant to the 
patient, such as death, transplant, hospitalisation for PAH 
and (II) direct assessments how a patient feels, functions, 
or survives: symptoms, functional class, exercise testing, 
6MWD, activities of daily life. 

In order to “normalize” assessment conditions for the 
patients, actigraphy could be used to record activity during 
the daily-life routine (99). 

Awerbach et al. described the characteristics of pediatric 
pulmonary hypertension trials registered on ClinicalTrials.
gov over a period of ~10 years (100). They found 45 
registered pediatric PH trials, 50% were industry-
sponsored. The authors reported varying study outcomes 
with inconsistent use of known surrogate and composite 
endpoints. Phosphodiesterase inhibitors (39%) were the 
most frequently studied drugs. One-third of the listed trials 
were terminated, predominantly due to poor participant 
enrollment. Of the 17 completed trials, only three efficacy 
trials met their primary endpoint. 

Beghetti et al. also discuss the challenges of studies in 
pediatric PAH (101), especially age-appropriate evaluation 
and endpoints. Patient registries could support trial 

development by finding the optimal endpoints. 
For the evaluation and comparability of therapies, 

especially for a rare disease like PAH in children, it is 
essential to track the patients’ clinical course and therapy. 
Up to now, more than 3,000 children worldwide have been 
included in therapeutic registries, such as PPHnet (North 
America), TOPP 1 and 2 registry (international) (102), 
REVEAL pediatric, COMPERA-Kids (international), and 
the Spanish PAH registry. Through pooling of data across 
registries and clinical trials, PAH therapy in children should 
be standardized and optimized (24). 

Conclusions

At present, pediatric PAH is still a life-threatening disease. 
But PAH treatment has advanced significantly over the past 
decade through the continous reevaluation of treatment 
guidelines. New targeted therapies are currently evaluated 
regarding their efficacy and safety in children, in order to 
limit off-label use. Due to the different etiologies, such 
as PAH-CHD and iPAH/hPAH, in children, there is no 
evidence that initial combination therapy in children 
is superior to a mono-therapy with respect to survival. 
There is a clear need for more controlled studies of PAH 
medications, alone or in combination therapy in the 
pediatric age group.
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