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n children, pulmonary arterial hypertension (PAH) is usu-
ally a severe, refractory, and life-long disease. However, 
pediatric and adult PAH differ somewhat in etiology, 

background characteristics, sex predominance, symptoms at 
onset, response to medical treatment, and prognosis. Here, I 
review the available evidence and outline current perspectives 
on the clinical management of pediatric PAH. 

Epidemiology
The incidence of pediatric idiopathic PAH (IPAH) in Japan 
was first surveyed in 1996 by the Japanese Society of Pediatric 
Cardiology and Cardiac Surgery (JSPCCS).1 There were 219 
PAH cases in 103 centers among children aged 0–15 years: 131 
patients (88%) were 1 year or older and 18 (12%) were young-
er than 1 year. During a 6-year period 136 patients were evalu-
ated. The male:female ratio was 51:72 (1:1.4). There were 2 
periods of peak onset: before the age of 1 year and at approxi-
mately 12 years of age. Higher incidences were also seen in the 
age groups 4–7 years and 9–12 years. However, the large pro-
portions of children who undergo school physical examinations 
at these times might explain the high percentages of cases 
(26%) in these age groups. 

Disease onset was concentrated in the age groups 4–7 (34.5% 
of cases) and 9–12 years (41.2% of cases); mean (SD) age at 
onset was 8 years 2 months (3 years 8 months) (n=115). Mean 
age at first visit to a medical center to seek treatment was 9 
years 1 month (4 years 0 months) (n=121), which indicates that 
the mean interval between disease onset and first medical visit 

was 1 year 8 months (2 years 10 months) (n=112). This sug-
gests that disease progression was quite slow in many patients. 

In 7 cases, the patient (6.2%) had family members with 
PAH: 7 males and 7 females, a ratio of 1:1. This ratio differed 
from that seen in sporadic cases. In 4 cases the patient had 
siblings with IPAH: 3 (2 girls and 1 boy) had an older brother 
with IPAH. In another family, an older sister and a younger 
brother both had IPAH. There was also 1 case of a mother and 
son having IPAH. The incidence was approximately 1–2 per 1 
million children under the age of 15 years.1 During 2005–2011, 
the annual JSPCCS survey identified 131 children with IPAH. 

The annual incidence of IPAH was reported to be approxi-
mately 26 out of 17,800,000 (1.49 per 1 million) Japanese 
children younger than 15 years,2 which is similar to that re-
ported by Barst.3

Clinical Manifestations at Onset
According to the Japanese nationwide survey, initial symp-
toms of pediatric PAH included fatigue and lassitude (35 
cases, 28%), shortness of breath (33 cases, 27%), fainting (21 
cases, 17%), chest pain (6 cases, 5%), difficulty breathing (5 
cases, 4%), cyanosis (4 cases, 3%), abnormalities on cardiac 
testing (25 cases, 20%), and abnormalities on chest radio-
graphs (7 cases, 6%) (n=123 cases). The mean (±SD) New 
York Heart Association (NYHA) functional class (FC) for all 
those responding (n=110) was 2.2±0.9 at first presentation; 24 
patients (22%) were classified as NYHA-FC I and 50 (45%) 
as NYHA-FC II; thus, 74 patients (67%) had less severe dis-
ease. However, 27 patients (25%) were classified as NYHA-

I

Received September 26, 2013; accepted September 26, 2013; released online October 22, 2013
Division of Pediatric Cardiology & Cardiac Surgery, Omori Hospital Medical Center, Toho University, Tokyo, Japan
Mailing address: Division of Pediatric Cardiology & Cardiac Surgery, Omori Hospital Medical Center, Toho University, 6-11-1 Omori-

Nishi, Ota-Ku, Tokyo 143-8541, Japan.  E-mail: saji34ben@med.toho-u.ac.jp
ISSN-1346-9843  doi: 10.1253/circj.CJ-13-1180
All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: cj@j-circ.or.jp

Update on Pediatric Pulmonary  
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– Differences and Similarities to Adult Disease –
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Children and adults with pulmonary arterial hypertension (PAH) have similarities and differences in their background 
characteristics, hemodynamics, and clinical manifestations. Regarding genetic background, mutations in BMPR2-
related pathways seem to be pivotal; however, it is likely that other modifier genes and bioactive mediators have 
roles in the various forms of PAH in children and adults. In pediatric PAH, there are no clear sex differences in inci-
dence, age at onset, disease severity, or prognosis but, as compared with adults, syncope incidence, pulmonary 
vascular resistance, and mean pulmonary artery pressure are higher, and vasoreactivity to acute drug testing is more 
frequent, among children. Nevertheless, the pharmacokinetic effects of 3 major pulmonary vasodilators appear to 
be similar in children and adults with PAH. This review focuses on the specific pathophysiologic features of PAH in 
children.  (Circ J 2013; 77: 2639 – 2650)
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PAH.9 The hypothesis that hormonal and endocrinologic activ-
ity explains the nearly equal incidence of PAH in boys and girls 
remains to be studied.

Genetic and Cellular Characteristics
Since 1999, a number of mutations in the bone morphogenetic 
protein receptor (BMPR)/SMAD pathway have been reported 
(Figure 1). Familial PAH (FPAH) is transmitted as an autoso-
mal-dominant trait that exhibits genetic anticipation but also 
markedly reduced penetrance (≈20%). The genetic back-
grounds of patients with pediatric PAH have been analyzed by 
my group for almost 2 decades. Mutations in BMPR2 and the 
activin receptor-like kinase 1 gene (ALK1) were studied in 21 
PAH probands younger than 16 years of age. In all 4 familial 
aggregates of PAH, 3 ALK1 and 1 BMPR2 mutation were 
identified. Among 17 probands aged between 4 and 14 years 
with idiopathic PAH, we identified 2 ALK1 mutations (2/17: 
11.8%) and 3 BMPR2 mutations (3/17: 17.6%; 5 mutations in 
total: 5/17: 29.4%). The probands with the ALK1 mutation 
developed PAH, as did the probands with the BMPR2 muta-
tion. Hence, it has been suggested that ALK1 has as important 
a role as BMPR2 in the etiology of PAH. Furthermore, asymp-
tomatic carriers with the ALK1 mutation within the serine-
threonine kinase domain are at risk of developing PAH and 
hereditary hemorrhagic telangiectasia, so careful follow-up is 
recommended for such patients.10

Associations between clinical characteristics and gene mu-
tations and age at onset younger than 16 years were analyzed 
by Chida et al in 54 patients with IPAH or hereditary PAH 
(HPAH).11 Overall 5-year survival was 76%, and 18 BMPR2 
mutation carriers and 7 ALK1 mutation carriers were detected 
among the 54 patients. The 5-year survival was lower in carri-

FC III, for which registration on a lung transplant waiting 
list is recommended, and 9 patients (8%) were classified as 
NYHA-FC IV. 

In subsequent generations of a pedigree, PAH presents at a 
younger age and with increased severity, which has been re-
ferred to as “genetic anticipation”.4 PAH usually appears at a 
younger age in each successive generation. This phenomenon 
is controversial but is typically observed in diseases with tri-
nucleotide repeat expansion.5

As for associated PAH (APAH), collagen vascular disease-
related PAH is rare in children, but a report from China found 
PAH in 5 of 8 (62.5%) pediatric patients with connective tis-
sue disease (CTD), 2 of 4 (50%) with antiphospholipid anti-
body syndrome, 4 of 14 (28.6%) with systemic vasculitis, 3 of 
28 (10.9%) with dermatomyositis, and 17 of 223 (7.6%) with 
systemic lupus erythematosus.6 Antinuclear antibody positiv-
ity has not been found in children with PAH but was observed 
in 4 of 16 (25%) mothers of children with IPAH.7

Sex Disparity
Among adults, the incidence of IPAH is considerably higher 
among women; the reported female:male ratio ranges from 
1.7:1 to 3.5:1. In contrast, a study found that the incidence of 
IPAH was approximately equal between boys and girls.8 An-
other study reported a female:male incidence ratio of 1.5:1, 
and moreover, the female:male incidence ratio did not signifi-
cantly differ between younger and older children.3 

Although among adults the incidence of PAH is higher in 
women, numerous recent experimental studies have demon-
strated better outcomes in female animals, worsening of the 
disease after ovariectomy, and a strong protective effect of es-
trogen, a phenomenon known as the “estrogen paradox” of 

Figure 1.  Schematic illustration of the roles of bone morphogenetic receptor protein I (BMPR1) and II (BMPR2), Alk1, endoglin, 
and intracellular messenger; the SMAD1/5/8 pathway in the etiology of idiopathic pulmonary arterial hypertension (IPAH).
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SMAD1, SMAD2, SMAD3, SMAD4, SMAD5, SMAD6, SMAD7, 
and the BMPRr type 1A (BMPR1A) and type 1B (BMPR1B) 
genes in 43 IPAH patients who had no mutations in BMPR2, 
ALK1, or SMAD8. Two missense mutations (c.479 G>A 
S160N, c.1176 C>A F392L) in BMPR1B were both found in 2 
patients with IPAH. 

IPAH and FPAH have developed in patients with heredi-
tary hemorrhagic telangiectasia associated with mutations in 
ALK1.14 Genetic mutations reported in pediatric PAH are 
summarized in Table 1.

In considering medical treatment, patients with BMPR2 mu-
tations are less likely than those without such mutations to re-

ers vs. noncarriers of BMPR2 mutation (55% vs. 90%, respec-
tively; hazard ratio, 12.54; P=0.0003). It was also worse in 
carriers vs. noncarriers of ALK1 mutation, but not significantly 
so (5-year survival rate 64%; hazard ratio 5.14, P=0.1205). 
Patients with childhood IPAH or HPAH and BMPR2 mutation 
may have the worst clinical outcomes. Outcomes were worse 
among ALK1 mutation carriers than among noncarriers.

Mutations in SMAD8 have been also reported in HPAH and 
IPAH.12,13 However, almost 30% of HPAH cases and 60–90% 
of IPAH cases have no SMAD8 mutations, which suggests that 
there other, unidentified genes associated with HPAH and 
IPAH.12 Chida et al13 screened for mutations in endoglin, 

Table 1. Transforming Growth Factor (TGF)-β and Bone Morphogenetic Protein Receptor (BMPR)-Related Mutations Reported in 
Pediatric IPAH, HPAH, and CHD-PAH 

Study No. of patients Age Type Positive (n, %)
Harrison et al 200314   11 Adults IPAH+HHT 8 (73%)

Roberts et al 200415 106 66 children CHD-PAH 6 (3 AVSD; 3 Complex)****

40 adults

Gruning et al 200416   13 Children IPAH 0 (0%)

Harrison et al 200517   18 Children IPAH/APAH 4 mutations (22%)

(2 BMPR, 1 ALK1, 1 Endoglin)

Austin & Lloyd 200718

Fujiwara et al 2008*10   21 Children IPAH/HPAH 4 (3 ALK1, 1 BMPR2) (100%) in HPAH

5 (3 BMPR,2 ALK1) (29.4%) in 17 IPAH

Shintani et al 2009**12   23 Children IPAH/HPAH 1 SMAD8 (4.4%)

Rosenzweig et al 200919   78 Children IPAH/FPAH 7/13 FPAH (54%); 1/65 IPAH (1.5%)

Chida et al 2012***11,13   72 Children IPAH/HPAH 18 BMPR2 (24%)

7 ALK1 (9.5%)

5 BMPR2 mutation carrier (6.8%)

1 SMAD8 (1.4%)

2 BMPR1b (2.8%)

*,**,***Reports from same group. ****Complex CHD (1 ASD/PDA, 1 ASD/PDA/PAPVR, 1 APW/VSD). 
APW, aortopulmonary window; ASD, atrial septal defect; CHD, congenital heart disease; CHD-PAH, congenital heart disease-related pulmo-
nary arterial hypertension; HHT, hereditary hemorrhagic telangiectasia; HPAH, hereditary pulmonary arterial hypertension; IPAH, idiopathic 
pulmonary arterial hypertension; PAH, pulmonary arterial hypertension; PAPVR, partial anomalous pulmonary venous return; PDA, patent 
ductus arteriosus; VSD, ventricular septal defect.

Figure 2.  Survival of PAH patients 
with and without BMPR2 and ALK1 
mutations (log-rank test, P=0.0005).11 
PAH, pulmonary arterial hyperten-
sion.
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tion and in animal models of PAH. No differences in fibrocytes 
have been observed among people with idiopathic vs. second-
ary PAH. Fibrocyte levels correlate with mean pulmonary 
arterial pressure (mPAP) and age. Differences have not been 
found in plasma levels of CC chemokine ligand 2 (CCL2) or 
CXC chemokine ligand 12 (CXCL12) which can mobilize 
fibrocytes from bone marrow. Circulating fibrocytes are sig-
nificantly elevated in PAH.28 

Biomarkers in Children
Circulating levels of endothelin-1 (ET-1) are elevated in chil-
dren with IPAH/HPAH and are probably related to the degree 
of hypoxic pulmonary vasoconstriction.29 ET-1 is also elevated 
in congenital heart disease (CHD)-related PAH.30 The plasma 
concentration of adrenomedullin (ADM), a potent vasodilating 
endogenous neurohumoral mediator, was reported to be useful 
in assessing the severity of pediatric IPAH. Levels of the neu-
rohumoral mediators atrial natriuretic peptide (ANP), brain 
natriuretic peptide (BNP), ET-1, and ADM positively corre-
lated with NYHA-FC and significantly negatively correlated 
with exercise capacity. Stepwise regression analysis revealed 
that the BNP:ANP ratio was the most powerful independent 
factor of total pulmonary resistance (r=0.85, P=0.0071) and 
CI (r=0.84, P=0.009). ADM significantly correlated with BNP 
(r=0.53, P=0.03), ET-1 (r=0.66, P=0.006), and BNP:ANP 
(r=0.73, P=0.0009). After long-term intravenous prostacyclin 
(PGI2) treatment, both ANP and BNP were again elevated at 3 
months after discharge, regardless of improvement in NYHA-
FC or exercise capacity. In contrast, ADM decreased from 
3.0±2.2 fmol/ml at baseline to 1.7±0.7 fmol/ml at 1 month to 
1.6±0.5 fmol/ml at 3 months. In pediatric patients with PAH, a 
change in ADM concentration at 3 months was significantly 
associated with the ADM concentration at the start of PGI2 
therapy and change in mPAP (r=0.97, P=0.0041).31

In pediatric PAH, both the BNP and N-terminal proBNP 
(NT-proBNP) concentration strongly correlate with and predict 
changes in clinical variables and hemodynamics. In a cross-
sectional analysis, echocardiographic and exercise data were 
better correlated with NT-proBNP than with BNP. NT-proBNP 
also showed less within-patient variability over time. There-
fore, NT-proBNP is additional information that is useful in 
predicting these clinical variables. BNP and NT-proBNP cor-
relate with mPAP/mean systemic arterial pressure (SAP) ratio 
(r=0.40, P<0.01; r=0.45, P<0.01; respectively), mean right 
atrial pressure (r=0.48, P<0.01; r=0.48, P<0.01), and tricuspid 
regurgitation velocity (r=0.36, P<0.01; r=0.41, P<0.01). In a 
longitudinal study, BNP and NT-proBNP were associated with 
the 6-min walk distance (6MWD), mPAP, mPAP/mSAP ratio, 
mean right atrial pressure, pulmonary vascular resistance 
(PVR) index, and tricuspid regurgitation velocity.32

Pathology
Pathologic studies showed that younger patients with IPAH 
have greater pulmonary vascular medial hypertrophy but less 
intimal fibrosis and fewer plexiform lesions. Medial hypertro-
phy is severe in patients younger than 15 years of age, and 
usually the only change seen in young infants.33 The pathology 
and cellular composition of plexiform lesions in children 
younger than 3 years of age differ from findings in older chil-
dren and adults, in that young children have a more prominent 
smooth muscle component.34 In addition, young children will 
often have marked muscularization of arterioles.35 Medial 
thickening of the pulmonary arterioles usually develops earlier 
in children, whereas intimal thickening occurs earlier in adults. 

spond to acute vasodilator testing (4% vs. 33%, respectively; 
P<0.003; n=147) and appear to have more severe disease at 
diagnosis. Patients with BMPR2 mutations had lower mixed 
venous saturation (57±9% vs. 62±10%; P<0.05) and cardiac 
index (CI; 2.0±1.1 vs. 2.4±1.5 L/min; P<0.05) than those with-
out such mutations. Patients with IPAH or FPAH appear un-
likely to benefit from calcium-channel blockade.19

Cumulative survival was longer among patients with ALK-1 
mutation than among those with BMPR2 mutation (Figure 2).

To identify the genes responsible for triggering PAH, we 
analyzed factors with an important role in IPAH by comparing 
discrepant or controversial expression patterns in a murine 
model with those previously published for human IPAH. We 
used a mouse model that, after repeated intratracheal injection 
of Stachybotrys chartarum (a ubiquitous, nonpathogenic fun-
gus), induced muscularization of the pulmonary artery, leading 
to hypertension. Microarray assays with ontology and pathway 
analyses were performed. For some pathways the expression 
patterns in our model and in IPAH were the same, including 
BMP signaling with downregulation of BMPR2, ALK1, and 
endoglin. However, both Wnt/planar cell polarity (PCP) sig-
naling and its downstream Rho/ROCK signaling were acti-
vated in human IPAH but not in our model. Activation of Wnt/
PCP signaling, in upstream positions of the pathway, was 
found only in lung tissue from a patient with endstage IPAH 
and may have essential roles in the pathogenesis of the dis-
ease.20 Mutations in CAV1 (caveolin-1) were reported to be 
associated with PAH, in rare cases.21 

Pathobiology
Although previously reported,21’ herpesvirus (HHV)-8 infec-
tion has not been associated with IPAH in Japanese patients 
with PAH. All examined samples contained plexiform lesions 
around pulmonary arterial vessels, but immunohistochemistry 
did not detect HHV-8-encoded latency-associated nuclear an-
tigen. HHV-8 DNA could not be amplified by polymerase 
chain reaction for the HHV-8-encoded K1 and KS330 (233 bp) 
genes in any sample.22

Regarding Ca+ and K+ channelopathy, uncontrolled, open-
label, prospective observational studies23,24 have reported im-
proved hemodynamics and survival with long-term adminis-
tration of calcium-channel blockers in cases of pediatric IPAH/
HPAH. An association of the novel gene KCNK3 with familial 
PAH and IPAH was recently reported. Mutations in this gene 
reduced the potassium-channel current, which was success-
fully reversed by pharmacologic treatment.25

Myeloid-derived suppressor cells (MDSCs) are increased in 
inflammatory and autoimmune disorders, and immature my-
eloid cells are present in the lungs of humans and animals with 
PAH. Among children with PAH, the level of MDSCs in girls 
was twice that in boys. Circulating activated MDSCs are sig-
nificantly elevated in children with PAH as compared with 
control subjects. MDSCs might thus have important immuno-
modulatory roles in PAH pathogenesis.26 

Impaired endothelial homeostasis is fundamental to PAH 
pathogenesis. The number of circulating endothelial progenitor 
cells (EPCs) is diminished in adults with PAH and Eisenmenger 
syndrome. Sildenafil treatment is a pharmacologic means of 
increasing circulating EPCs. In addition, treprostinil increases 
the number and angiogenic potential of EPCs in children with 
PAH.27 

Chronic inflammation is an important component of fibro-
proliferative changes in PAH vasculopathy. Fibrocytes con-
tribute to tissue remodeling in the setting of chronic inflamma-
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longer follow-up period.24 
Approximately 80% of children with severe PAH do not 

respond to acute drug testing, in which case nifedipine (2–5 mg/
kg/day), diltiazem (3–5 mg/kg/day), and amlodipine (2.5–
10 mg/kg/day) are recommended; verapamil is contraindicated 
in PAH.42 None of 22 children with acute vasoreactivity who 
were treated with a high-dose calcium-channel blocker as 
monotherapy or in combination therapy died within 5 years of 
diagnosis.43,44

PGI2

Children with IPAH and APAH typically have an imbalance 
in biosynthesis of thromboxane A2 and PGI2.44,45

Oral PGI2 (Beraprost)  The oral prostacyclin analog, bera-
prost (BPS), was first marketed in Japan in 1992 and was the 
first available orally active PGI2. BPS is approved in Japan 
and Korea. It has beneficial effects for patients in NYHA-FC 
I or II, and the effects persist from several to 9 months.46 BPS 
reaches peak concentration after 30 min and has an elimination 
half-life of 35–40 min.46,47 However, the effect of treatment is 
not sustained at 9 or 12 months. When change in pulmonary 
vascular reactivity was defined as a decrease in mPAP or PVR 
greater than 20% from baseline, the response rate for 100% O2 
(10 min), inhaled nitric oxide 40 ppm (10 min), and oral BPS 
(1 μg/kg; 30 min) during cardiac catheterization was 84%, 
72.7%, and 64%, respectively.48 The pulmonary vasodilating 
effects of BPS are similar to those of inhaled nitric oxide, and 
BPS can be used as an acute vasodilating agent during cardiac 
catheterization.49 Long-acting oral BPS (beraprost LA) is cur-
rently approved for PAH in adults. In Japan, BPS has been 
used for 2 decades and is usually combined with a phosphodi-
esterase type 5 inhibitor (PDE5-I) and/or an endothelin-recep-
tor antagonist (ERA) as initial treatment. Combination therapy 
with oral BPS LA and inhaled aerosolized iloprost is an alter-
native therapy for CHD-PAH. Treated patients have improved 
exercise capacity and right ventricular systolic pressure with-
out worsening of oxygen saturation.

Intravenous PGI2 (Epoprostenol)  There are few data on 
the long-term effects of continuous intravenous epoprostenol 
for children with IPAH. However, treatment with intravenous 
epoprostenol is at least as effective in children as in adults 
with respect to increasing survival, improving hemodynamics, 
and relieving symptoms. Without coadministration of oral 
PDE5-I or ERA, survival at 1, 3, 5, and 10 years was 94%, 
88%, 81%, and 61%, respectively, in a 2004 study.24

Nakayama et al50 reviewed the records of 31 IPAH patients 
aged 18 years or younger who had begun epoprostenol treatment 
between January 1999 and June 2004. During a mean follow-
up of 3.4 years, the rate of those who survived or did not un-
dergo lung transplantation among the 27 patients who received 
intravenous epoprostenol was 100% at 1 year, 96.3% at 2 years, 
and 79.4% at 3 years. Among 82% of the survivors, World 
Health Organization functional class (WHO-FC) changed from 
III or IV to II, as indicated by improvement in plasma BNP 
and 6MWD during follow-up. In most patients, mPAP and 
PVR:SVR remained high, although CI had improved to normal 
range at 1 year after initiation of epoprostenol. Therefore, oral 
sildenafil was given as additional therapy to 16 patients who 
subsequently presented with sustained severe PAH. 

Continuous intravenous epoprostenol improves survival and 
exercise tolerance in childhood IPAH, although improvement 
in PVR is insufficient despite long-term therapy. Therefore, 
the addition of oral vasodilators such as sildenafil or bosentan 
is recommended as add-on therapy to intravenous epopros-
tenol. The indications for continuous intravenous epoprostenol 

Vasoconstriction appears to be more pronounced in children.36 
Plexiform lesions can be sparse and difficult to find in colla-
gen vascular disease-related PAH. The pathology of PAH in 
portal hypertension is indistinguishable from that in IPAH 
and FPAH. Irreversible PAH in children with high-risk CHD 
is strongly associated with impaired endothelial cell apopto-
sis and antiapoptotic signaling from perivascular inflamma-
tory cells.37 

Cardiac Catheterization and Acute Vasoreactivity 
As compared with adults, children with IPAH have a higher 
CI (4.3±3.9 vs. 2.1±0.7 L · min–1 · m–2), heart rate (121±29 vs. 
83±13 beats/min), PVR (28.1±18.1 vs. 15.4±8.2 units), mPAP 
(70±15 vs. 55±16 mmHg), and PVR:SVR ratio (1.01 vs. 0.61), 
lower SAP (75±15 vs. 91±12 mmHg), and a better response to 
drug testing.3 In a recent study comparing hemodynamic pa-
rameters in children and adults, the children were better able 
than adults to withstand an increased right heart workload. As 
compared with adults, children with IPAH/HPAH had a high-
er mPAP/SAP ratio (0.83 vs. 0.62 mmHg, respectively) and a 
higher PVR index:SVR index ratio (0.83 vs. 0.64 U/m2, re-
spectively) at diagnosis.38 Cardiac output (CO) is low in chil-
dren, so PVR is higher than in adults. Pulmonary vasoreactiv-
ity during active vasodilatation and vasoconstriction is more 
obvious in younger children than in adults. The response rate 
to acute vasoreactivity testing appears to be higher before the 
age of 6 years, but decreases markedly with increasing age. 
PH crisis occurs more often in infants and younger children.23

The frequency of a positive response to drug testing was 
reported to be highest among the youngest children (86% for 
age <1 year, 47% for age 1–7 years, and 27% for age >7 years 
at time of diagnosis), using the following criteria for response 
to drug testing: (1) 20% or greater decrease in mPAP and (2) 
no change or an increase in CI.39 Children treated with long-
term epoprostenol improved regardless of response to short-
term vasodilator challenge. However, another study found no 
relationship between the acute and long-term effects of epo-
prostenol in adults (ie, absence of a short-term, acute response 
did not preclude long-term efficacy).40 

Acute pulmonary vasodilator testing appears essential in 
selecting the initial therapy for children with PAH. One study41 
reported initial experience with inhaled treprostinil in children 
with PAH and evaluated and compared hemodynamic chang-
es with those after inhaled nitric oxide treatment. The median 
total treprostinil dose was 1.53 μg/kg (range 0.71–2.89 μg/kg). 
Inhaled nitric oxide and inhaled treprostinil significantly de-
creased mPAP and the PVR index as compared with baseline. 
Inhaled treprostinil was effectively delivered and well toler-
ated and may be useful as an acute vasodilative test.

Treatment 
General Support
Although it is not known if diuretics, digitalis, and anticoagu-
lation therapy are clearly beneficial for pediatric PAH, these 
treatments may be useful in supporting cardiopulmonary per-
formance and preventing right heart failure and hypercoagu-
lable state-induced cardiac and pulmonary thrombosis.42 

Calcium-Channel Blockers
A subgroup of pediatric IPAH patients appears to have a 
higher rate of acute pulmonary vasoreactivity (defined as 
>20% mPAP, no decrease in CO, and a decrease in PVR:SVR); 
children younger than age 8 years had a 40–70% rate of acute 
reactivity,23 but acute vasoreactivity resolved in a study with a 
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Duration after PAH onset and duration of intravenous epopro-
stenol treatment were significantly longer in patients with 
AITD (7.6±2.1 and 7.4±2.3 years, respectively) than in patients 
without AITD (5.0±1.1 and 4.8±1.2 years, respectively; P<0.01 
and P<0.05). The prevalence of AITD was high in children and 
adolescents with IPAH, so regular evaluation of thyroid func-
tion is important in detecting deterioration of heart failure or 
AITD.53

Phosphodiesterase 5 Inhibitors
Sildenafil  Add-on of a PDE5-I or ERA reduced dosing 

increases of intravenous epoprostenol in children.50 Some evi-
dence indicates that PDE5-Is are effective in treating PAH. A 
phase III multicenter open-label clinical trial of sildenafil in 
Japan examined data from 21 adult and pediatric patients with 
PAH.54 At week 12, 6MWD increased by 84.2 m from base-
line. Mean PAP, PVR, Borg dyspnea score, and plasma BNP 
also improved. WHO-FC was improved or unchanged in most 
patients. The 7 patients among whom sildenafil pharmacoki-
netics were examined had relatively large interindividual vari-
ations in maximum and minimum concentrations, area under 
the plasma concentration-time curve from 0 to 8 h, and average 
plasma concentration at steady state. Sildenafil 1 mg/kg/day 
was found to be effective and safe for pediatric IPAH.54

During sildenafil therapy in another study, 6MWD in-
creased from 278±114 to 443±107 m at 6 months (P=0.02) and 
to 432±156 m at 12 months (P=0.005). A plateau was reached 
between 6 and 12 months (P=0.48). Mean PAP decreased from 
a median of 60 mmHg (range, 50–105) to 50 mmHg (range, 
38–84) (P=0.014). Median PVR decreased from 15 (range, 
9–42) to 12 Wood units/m2 (range, 5–29) (P=0.024).55

A recent study of 3 sildenafil dosages (20, 40, and 80 mg, 
t.i.d.) for pediatric PAH (STARTS-1) showed improvements 
in peak oxygen uptake, WHO-FC, and hemodynamics; the 
moderate and high doses had greater efficacy. An extension 
study (STARTS-2) found that the moderate sildenafil dosage 
was optimal (10 mg, t.i.d. for ≥8–20 kg of body weight; 20 mg, 
t.i.d., for >20–45 kg; 40 mg, t.i.d., for >45 kg), as the high dose 
level was associated with increased mortality.56 

are the same as those for adults, but the optimal dose may 
vary.23,42 Subcutaneous treprostinil injection may cause intol-
erable local pain when given to children. Inhaled iloprost has 
some efficacy.51 Currently, subcutaneous, inhaled, and oral 
PGI2 are not yet approved for treatment of children in Japan. 

In patients with PAH, lung perfusion scintigraphy usually 
shows abnormal defects, namely, a segmental pattern or non-
segmental, mottled pattern. After starting intravenous epopro-
stenol infusion, perfusion defects markedly improve, probably 
because of an increase in pulmonary vascular beds (Figure 3). 

Inhaled PGI2 (Treprostinil)  A study by Krishnan et al52 
described the safety and efficacy of inhaled treprostinil in 
children with PAH. Patients must receive 3–9 breaths (6 μg/
breath) of inhaled treprostinil 4–6 times per day. In their ret-
rospective analysis, data from 29 children treated with inhaled 
treprostinil for at least 6 weeks were analyzed. Inhaled trepro-
stinil was discontinued in 4 patients because of cough and 
bronchospasm (n=3) and PAH progression (n=1). Mild ad-
verse effects, including cough (n=9) and sore throat (n=6), did 
not require discontinuation of therapy. WHO-FC improved 
in 19 children and was unchanged in 10; exercise capacity 
(6MWD) improved during follow-up from 455.7±71.5 to 
498±70 m (P=0.01), and peak oxygen consumption increased 
from 25.5±10.2 to 27.4±10 ml · kg–1 · min–1 (P=0.04). Inhaled 
treprostinil was associated with improved exercise capacity 
and WHO-FC when added to background targeted therapy for 
PAH in children and had an acceptable safety profile. In an-
other study of children treated with inhaled iloprost, WHO-
FC improved in 35%, remained unchanged in 50%, and de-
creased in 15%.51 

During intravenous PGI2 therapy, a high prevalence of au-
toimmune thyroid disease (AITD) has been reported in adult 
patients with PAH. Abnormal thyroid function was reviewed 
in children with IPAH who had been treated with intravenous 
epoprostenol infusion.53 Thyroid function and antithyroid an-
tibody levels were examined regularly at 6- to 12-month inter-
vals. In total, 7 of 16 patients (44%) had AITD: 2 developed 
Graves’ disease, 2 developed silent thyroiditis, and 3 were 
euthyroid but had positive tests for antithyroid antibodies. 

Figure 3.  Serial pulmonary perfusion scintigrams after starting intravenous epoprostenol show marked improvement in an 8-year-
old girl with PAH. The area of perfusion defect and distribution decreased 1 year after starting intravenous epoprostenol (Saji T, 
et al, Tokyo Heart Journal XVIII; 2: 70 – 76, 1998, in Japanese).
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profile of bosentan is not altered by heart failure or coadminis-
tration of sildenafil.59 Hepatic dysfunction in children is less 
frequent than in adults.

Ambrisentan  The clinical safety and pharmacokinetics of 
ambrisentan were studied in 38 children with PAH, 15 of 
whom had switched from bosentan to ambrisentan.60 The re-
maining 23 children were treated with ambrisentan as add-on 
therapy because of disease progression. In both transition and 
add-on cases, mPAP significantly improved (transition cases: 
55±18 vs. 45±20 mmHg [n=13], P=0.04; add-on cases: 52±17 
vs. 45±19 mmHg [n=13]; P=0.03, during follow-up). WHO-FC 
improved in 31% of patients during the follow-up period (me-
dian 20, rang:, 4–44 months). In total, 5 patients (13%) discon-
tinued ambrisentan because of severe headache, lack of clinical 
efficacy, or near syncope and 10 patients (26%) had adverse 
effects associated with ambrisentan treatment, including nasal 
congestion, headache, and flushing. No patients developed 
hepatic dysfunction, and there were no deaths after initiation of 
ambrisentan. Pharmacokinetics were evaluated in 16 children 
treated with ambrisentan 2.5–10.0 mg. Mean peak plasma con-
centration was 738±452 ng/ml, mean time to peak plasma con-
centration was 3.2±2.1 h, and mean area under the curve for the 
plasma concentration was 6,657±4,246 ng · h–1 · ml–1. 

Rehabilitation
Cardiopulmonary rehabilitation was reported effective in a 
study of 26 IPAH patients (age, 5–37 years) with severe heart 
failure.61 Average duration of cardiopulmonary rehabilitation 
was 6.7 weeks, and the regimen consisted of breathing exer-
cises, training of upper extremity muscles, gait training, bicycle 
ergometer training, and treadmill walking for 30–60 min/day, 
5 days a week. There was no deterioration in CTR, ANP, or 
BNP level, tricuspid regurgitation, right ventricular Tei index, 

Tadalafil  A retrospective study57 investigated the safety, 
tolerability, and effects of tadalafil as initial therapy or after 
transition from sildenafil among 33 children with PAH; 29 
were switched from sildenafil to tadalafil. The main reason for 
the change from sildenafil was the convenience of once-daily 
dosing for tadalafil. Average dose was 3.4±1.1 mg · kg–1 · day–1 
for sildenafil and 1.0±0.4 mg · kg–1 · day–1 for tadalafil. Among 
14 of the 29 patients who underwent repeat catheterization, 
statistically significant improvements were observed after tran-
sition from sildenafil to tadalafil in mPAP (53.2±18.3 vs. 
47.4±13.7 mmHg; P<0.05) and PVR index (12.2±7.0 vs. 
10.6±7.2 Woods units/m2; P<0.05). Among the 4 patients treat-
ed with tadalafil as initial therapy, clinical improvement was 
noted, and the side effect profile was similar to that of the pa-
tients who had transitioned from sildenafil to tadalafil, includ-
ing headache, nausea, myalgia, nasal congestion, flushing, and 
allergic reaction. Two patients discontinued tadalafil because 
of migraine or allergic reaction. One patient receiving sildenafil 
had no breakthrough syncope after transition to tadalafil. 
Tadalafil can be safely used for pediatric patients with PAH, 
but without significant advantages over sildenafil.57 Duration 
of adverse and main effects was longer than those observed for 
sildenafil because of the longer half-life of tadalafil.

Endothelin-Receptor Antagonists 
Bosentan  The pharmacokinetic profile of bosentan is sim-

ilar between pediatric patients with PAH and healthy adults, 
and treatment with bosentan results in hemodynamic improve-
ment, which suggest that adult dosing regimens may be ap-
propriate in treating pediatric patients. Patients weighing 
10–20 kg, >20–40 kg, and >40 kg received a single dose of 
31.25, 62.5, and 125 mg, respectively, on day 1, followed by 4 
weeks of treatment at the initial dose.58 The pharmacokinetic 

Figure 4.  The 5-year survival at Omori Hospital Medical Center in 4 time periods with different therapeutic options: Group A 
(–1992), calcium-channel blocker; Group B (1993–1996), oral PGI2; Group C (1997–2003), intravenous PGI2; Group D (2004–), 
PDE5-I and ERA. ERA, endothelin-receptor antagonist; PDE5-I, phosphodiesterase type 5 inhibitor. PGI2, prostacyclin. 
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Figure 5.  Brain natriuretic peptide (BNP) and survival. The 5-year survival was worse among patients with BNP >300 pg/ml at 
treatment start than among those with BNP <100 pg/ml.

Figure 6.  Event-free survival and tricuspid Em velocity on tissue Doppler imaging at baseline, and survival rate. Cumulative event-
free survival was significantly lower when tricuspid Em was 8 cm/s or less (log-rank test, P<0.001).65 
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(systolic myocardial velocity, early diastolic myocardial relax-
ation velocity [Em], and late diastolic myocardial velocity as-
sociated with atrial contraction), BNP, NYHA-FC, and hemo-
dynamics in 51 children (mean age, 11.6 years) with IPAH.65 
Em, the ratio of Em to late diastolic myocardial velocity as-
sociated with atrial contraction ratio, and systolic myocardial 
velocity at the mitral annulus, septum, and tricuspid annulus in 
IPAH were significantly lower than in controls. Tricuspid Em 
was significantly inversely correlated with plasma BNP  
(r=–0.60, P<0.001), right ventricular end-diastolic pressure 
(r=–0.79, P<0.001), and mPAP (r=–0.67, P<0.001). Tricuspid 
Em significantly differed between patients in NYHA-FC II 
and those in NYHA-FC III or IV (mean, 11.9±4.2 cm/s vs. 
8.2±3.6 cm/s, respectively, P=0.002). Cumulative event-free 
survival was significantly lower when tricuspid Em was 8 cm/s 
or less (log-rank test, P<0.001). Tricuspid Em velocity corre-
lated with disease severity (NYHA-FC) and may be a useful 
prognostic marker in children with IPAH (Figure 6).

Barst et al43 investigated survival in 216 children (age <18 
years) with PAH. Survival at 5 years after diagnosis was 
74±6% overall, and there was no significant difference be-
tween IPAH/FPAH (75±7%) and PAH associated with CHD 
(71±13%). High PVR index and FPAH were associated with 
decreased survival. Factors associated with increased survival 
included acute vasoreactivity and lower BNP. In our study of 
92 consecutive pediatric patients with IPAH (47 females, 45 
males),64 there was no female predominance in incidence or 
sex difference in age at diagnosis, variety of symptoms, dis-
ease severity, response to treatment, or prognosis. The 5-year 
survival was 96.4±3.5% in a subgroup of patients who started 
combination therapy with pulmonary vasodilators after 2003.

Despite encouraging data from recent trials of pulmonary 
vasodilators, there may be no cure for PAH, and lung trans-
plantation is often the only effective treatment.

Adverse Events
Among patients aged 0–18 years, 9,329 adverse events were 
reported in 588 patients (6.3%).

As part of the USFDA postmarketing surveillance, side ef-
fects and adverse events associated with PAH therapy have 
been documented in children. For bosentan, epoprostenol, and 

or pulse oxymetry saturation. The results also showed de-
creased heart rate at rest (P=0.007), and improved NYHA-
FC (P=0.010), lower extremity strength (P<0.001), ambula-
tory ability (P<0.001), Barthel index (P<0.001), and 6MWD 
(P=0.001).

Long-Term Survival and Prognosis
In the 1980 s, survival in a group of children (average age, 7.4 
years) with IPAH was relatively short: 37% at 1 year and 12% 
at 2.5 years, which was lower than reported in a nationwide 
prospective study published in 1993.62 Another study found 
that mean survival was 8.7 years in children aged 1–15 years.63

The prognosis for children with IPAH has markedly im-
proved during the past 3 decades, through the use of PGI2, 
PDE5-I, and ERA. My group analyzed 92 consecutive patients 
with IPAH (47 females, 45 males) who had been enrolled since 
1978.64 Age at onset was 11.7±8.4 years, and median follow-
up was 70 months (range, 0.4 months to 28 years). To assess 
the correlation between available therapeutic options and prog-
nosis, patients were divided into 4 subgroups depending on the 
era of vasodilator therapy: group A (–1993), B (1994–1999), 
C (2000–2003), and D (2004–). Patients started receiving oral 
PGI2 in 1994, intravenous PGI2 in 2000, sildenafil in 2004, 
bosentan in 2005, tadalafil in 2010, and ambrisentan in 2011. 
In May 2013, the 5-year survival of groups A–D was 42.9± 
13.2%, 69.3±13.2%, 84.3±7.2%, and 96.4±3.5%, respectively 
(group A vs. group D; P<0.0001; Figure 4); 64 patients (69.6%) 
were alive, including 7 (7.6%) who had received lung trans-
plants, and 28 (30.4%) had died, including 1 death after lung 
transplantation. Mean actuarial survival at 3, 5, and 10 years 
was 88.8±11%, 74.1±26%, and 59.7±40%, respectively. Their 
survival rate was significantly better than that for patients with 
cardiomegaly of 50% or more (Kaplan-Meier curve with log-
rank test; P=0.02). Results were excellent when advanced 
treatment was started for patients with a BNP <100 or <200 
and NYHA-FC I or II, for those identified during school health 
screening, and for those without mutations in BMPR2 or ALK1 
(Figure 5).

Tissue Doppler imaging is reported to be quite useful in as-
sessing disease severity and prognosis in children with IPAH. 
Takatsuki et al evaluated tissue Doppler imaging velocities 

Table 2. Specific Characteristics of Pediatric PAH as Compared with Adult PAH

Epidemiology Same prevalence: 1–2 million per year; less connective tissue disease-PAH, less CTEPH, less portal 
PAH, less ANA positivity

Sex ratio Reduced female predominance (adults, 3.8–4.0:1; children, 1.0–1.8:1)

Genetics Same incidence of mutation; BMPR2/Alk1, serotonin transporter; ALK1(HHT) develops with increasing age

Pathology Less fibrosis, fewer plexiform lesions, more medial hypertrophy, more reversible lesions

Hemodynamics Better acute response, higher PVR index, higher Pp:Ps ratio, higher CI; higher rate of complications 
from cardiac catheterization68,69

Response to acute vasodilating test Greater AVT response (11–40% responders in children vs. 6–27% in adults); same response to 
chronic treatment

Clinical manifestations Earlier diagnosis due to greater physical exercise, less severe NYHA-FC at diagnosis, more PAH crisis, 
more syncopal episodes, more sudden cardiac death, less heart failure, less edema, lower BNP and 
NT-proBNP

Treatment response Same PGI2 effect, NO production, ET-1, vWF, factor VIII, and TxA2 values. Same incidence of adverse 
events; slightly higher optimal dose of PGI2; poor compliance with inhaled iloprost; Same response to 
SC/inhaled/intravenous PGI2 analog

Survival, prognosis Same or slightly better prognosis and survival 

ANA, antinuclear antibody; AVT, acute vasodilatation; BNP, brain natriuretic peptide; CI, cardiac index; CTEPH, chronic thromboembolic 
pulmonary hypertension; HHT, hereditary hemorrhagic telangiectasia; NO, nitric oxide; NT-proBNP, N-terminal pro-brain natriuretic peptide; 
PAH, pulmonary arterial hypertension; PVR, pulmonary vascular resistance; Pp:Ps, pulmonary-to-systemic pressure ratio; SC, subcutaneous; 
TxA2, thromboxane A2; vWF, von Willebrand factor.
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their ongoing collaboration in basic and clinical research. I also thank 
Professors Dunbar Ivy (Children’s Hospital Colorado) and Timothy Felt-
es (Nationwide Children’s Hospital, in Columbus, Ohio) for their scien-
tific advice and critical comments on my work in the field of PAH, 
Chiaki Goto for her administrative assistance, and David Kipler for re-
viewing the language of the manuscript. 

In Memoriam
I would like to dedicate this work to the memory of Robyn J Barst, MD 
(Figure 7), FAHA, Professor Emeritus of Columbia University and a 
distinguished member of the Council on Cardiovascular Disease in the 
Young, who passed away in April 2013 after a long illness. She devoted 
her life to the health and happiness of children with PAH. 

Dr Barst first visited Japan, with her daughter, in 2002 and presented 
information that offered new hope for managing PAH. I would like to 
express my personal appreciation to Robyn, who was a great lover of the 
healthy food, nature, and culture of Japan, and a gracious colleague to all 
pediatric cardiologists in this country. She shared her immense knowledge 
regarding the reliability and safety of newer drugs that offered possibili-
ties to address the challenges of refractory disease and patients with poor 
prognoses. I will always remember her e-mail response to a question of 
mine in 2009 regarding the off-label use of a drug for PAH (which was 
found, 3 year later, to increase the risk of PAH). With great foresight, she 
urged caution in light of the possible risks.

The drug data is also interesting but again very preliminary and I would 
not use it off-label in any patients at this time. We did not see any adverse 
effects on cardiac function in 6 months RCT trial of the drug, but that does 
not preclude cardiac toxicity long-term and very few patients continued 
on drug past the 6 months due to our concerns at the time. Thus the long-
term open-label extension of trial will be very important.

Disclosures
None. 
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