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Background: This article aims to review recent 
advances in the diagnosis and treatment of pulmonary 
arterial hypertension in neonates and children with 
congenital heart disease.

Data sources: Articles on pulmonary arterial 
hypertension in congenital heart disease were retrieved 
from PubMed and MEDLINE published after 1958. 

Results: A diagnosis of primary (or idiopathic) 
pulmonary arterial hypertension is made when no 
known risk factor is identifi ed. Pulmonary arterial 
hypertension associated with congenital heart disease 
constitutes a heterogenous group of conditions and has 
been characterized by congenital systemic-to-pulmonary 
shunts. Despite the similarities in histologic appearance 
of pulmonary vascular disease, there are differences 
between pulmonary arterial hypertension secondary 
to congenital systemic-to-pulmonary shunts and those 
with other conditions with respect to pathophysiology, 
therapeutic strategies, and prognosis. Revision and 
subclassifi cation within the category of secondary 
pulmonary arterial hypertension based on pathophysiology 
were conducted to improve specifi c treatments. The 
timing of surgical repair is crucial to prevent and minimize 
risk of postoperative pulmonary arterial hypertension. 
Drug therapies including prostacyclin, endothelin-receptor 
antagonist, phosphodiesterase inhibitor, and nitric oxide 
have been evolved with promising results in neonates and 
children.

Conclusions: Among the different forms of 
congenital heart diseases, an early correction generally 
prevents subsequent development of pulmonary arterial 
hypertension. Emerging therapies for treatment of 
patients with idiopathic pulmonary arterial hypertension 
also improve quality of life and survival in neonates 
and children with congenital heart disease associated 
with pulmonary arterial hypertension. Heart and lung 
transplantation or lung transplantation in combination 
with repair of the underlying cardiac defect is a 
therapeutic option in a minority of patients. Partial 
repair options are also benefi cial in some selected cases. 
Randomized controlled trials are needed to evaluate the 
safety and effi cacy of these therapies including survival 
and long-term outcome.
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Introduction

Pulmonary arterial hypertension (PAH) is a known 
sequela of congenital heart disease (CHD). PAH 
results in increased morbidity and mortality. 

Recent advances in understanding of pathogenesis and 
pathophysiology have led to improvements in diagnosis 
and management strategies. The goals of therapy are 
to improve quality of life, functional class, exercise 
capacity, pulmonary hemodynamics, and long-term 
survival for children with CHD associated with PAH.[1]

Idiopathic pulmonary arterial hypertension (iPAH) 
is defi ned as a mean pulmonary artery pressure of 
more than 25 mmHg at rest or more than 30 mmHg 
during exercise, with a normal pulmonary artery wedge 
pressure, and an increased pulmonary vascular resistance 
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of more than 3 Wood units, and the absence of related or 
associated condition.[2-4] This hemodynamic defi nition is 
also applied to PAH secondary to CHD in children and 
adults.[5,6] However, most pediatricians would accept 
that PAH is the systolic pulmonary artery pressure of 
more than 50% of systemic blood pressure.[7] Exercise 
hemodynamics is important for the diagnosis of PAH 
in children. Children with PAH may have normal-high 
pulmonary artery pressure and often have an exaggerated 
response of the pulmonary vascular bed to exercise 
as well as in response to hypoventilation compared 
with adults.[4,5] The pulmonary artery wedge pressure 
is normal unless there are left heart diseases, such as 
mitral stenosis, mitral regurgitation, or left ventricular 
dysfunction causing pulmonary venous hypertension.

Classifi cation
Because the pulmonary artery pressure results from 
the pulmonary blood fl ow time pulmonary vascular 
resistance, either increase in pulmonary blood fl ow 
(hyperkinetic) or pulmonary vascular resistance 
(pulmonary vascular obstruction or pulmonary venous 
hypertension) can cause PAH (Table 1).[1] Patients with 
CHD and PAH may have reversible vasoconstriction and/
or irreversible obstruction of the pulmonary vasculature 
or both. In 1998, a clinical classifi cation of pulmonary 
hypertension (the Evian classifi cation) was proposed. 
PAH related to congenital systemic-to-pulmonary shunts 
was classifi ed in group 1. At the Third World Symposium 
held in 2003, this classifi cation was revised.[8] Because of 
different forms of CHD resulting in PAH, the guidelines 
for classifi cation of congenital systemic-to-pulmonary 
shunts were drafted at the same time. Subcategories of 
CHD based on anatomy (defects above and below the 
tricuspid valve and specifi c type of complex diseases), 
size of shunt defects, hemodynamic restriction of shunt, 
direction of shunt, associated extracardiac abnormalities, 
and status of anatomic repair were proposed by Galiè in 
2006 (Table 2).[9]

Recently van Albada and Berger[10] proposed some 
details of classifi cation, such as surgical shunt, pulmonary 
arterial banding, and associated cardiac anomalies that 
were recognized to be risk factors for PAH development. 
From pediatric cardiology point of view, these can be 
classifi ed into 7 groups of congenitally malformed 
hearts based on circulatory pathophysiology, which 
determine clinical course, possibility of treatment, and 
prognosis (Table 3):[11] signifi cant shunting lesion, iPAH-
like physiology, PAH due to past or present pulmonary 
venous hypertension, Eisenmenger physiology, Fontan-
like physiology, unilateral PAH, and hypoplastic 
pulmonary artery system.

During the Fourth World Symposium on Pulmonary 

Table 1. Classifi cation of pulmonary arterial hypertension
Type Classifi cation
Hyperkinetic P = r ×  F
Pulmonary vascular obstruction or pulmonary
  venous hypertension

P = R × f 

P: increased pulmonary artery pressure; F: high pulmonary blood fl ow; 
f: normal pulmonary blood fl ow; R: high total pulmonary resistance; 
r: normal total pulmonary resistance. (Adapted from Barst[1] with 
permission)

Hypertension held in Dana Point, California in 2008, 
pulmonary hypertension reclassifi cation was proposed 
based on clinical evolution, histopathology, and response 
to therapy. Systemic-to-pulmonary artery shunts were 
classifi ed in group 1 while CHD other than left-to-right 

Table 2. Proposed revised classification of congenital systemic-to-
pulmonary shunts associated with pulmonary arterial hypertension
1 Type
   1.1  Simple pre-tricuspid shunts
      1.1.1  Atrial septal defect
            1.1.1.1  Ostium secundum
            1.1.1.2  Sinus venosus
      1.1.2  Total or partial unobstructed anomalous pulmonary venous return
   1.2  Simple post-tricuspid shunts
      1.2.1  Ventricular septal defect
      1.2.2  Patent ductus arteriosus
   1.3  Combined shunts (describe combination and defi ne predominant defect)
   1.4  Complex CHD
      1.4.1  Atrioventricular septal defects
            1.4.1.1  Partial (ostium primum atrial septal defect)
            1.4.1.2  Complete
      1.4.2  Truncus arteriosus
      1.4.3  Single ventricle physiology with unobstructed pulmonary 

blood fl ow
      1.4.4  Transposition of the great arteries with ventricular septal defect 

(without pulmonary stenosis) and/or patent ductus arteriosus
      1.4.5  Others
2  Dimensions (specify for each defect if more than one congenital heart defect)
   2.1  Hemodynamic
      2.1.1  Restrictive (pressure gradient across the defect)
      2.1.2  Nonrestrictive
   2.2  Anatomic
      2.2.1  Small to moderate (atrial septal defect ≤2.0 cm and ventricular 

septal defect ≤1.0 cm)
      2.2.2  Large (atrial septal defect >2.0 cm and ventricular septal 

defect >1.0 cm)
3  Direction of shunt
   3.1  Predominantly systemic-to-pulmonary
   3.2  Predominantly pulmonary-to-systemic
   3.3  Bidirectional
4  Associated extracardiac abnormalities
5  Repair status
   5.1  Unoperated
   5.2  Palliated (specify type of operation (s), age at surgery)
   5.3  Repaired (specify type of operation (s), age at surgery)
Adapted from Galie[9] with permission.
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shunts was classifi ed in group 5. In addition, hemodynamic 
data (pulmonary-to-systemic fl ow ratio, Qp:Qs) were used 
to classify shunts. The dimension of the shunts measured 
by two-dimensional echocardiography was not reliable in 
this proposed reclassifi cation (Robbins IM, Simonneau G, 
unpublished data).

Pathophysiology
The classifi cation of the 7 groups of PAH in children with 
CHD was based on circulatory pathophysiology.[10,11]

Signifi cant shunting lesion
The postnatal change of pulmonary circulation results 
in rapidly decreased pulmonary vascular resistance and 
usually falls to reach adult level after 2 to 8 weeks of age. 
In the presence of large systemic-to-pulmonary artery 
communication, pulmonary overcirculation ensues, 
resulting in clinical manifestations of congestive heart 
failure during infancy. Increased shear stress and the 
excess fl ow through the pulmonary vascular bed lead to 
the development of pulmonary vascular disease and an 
increase in pulmonary vascular resistance. With time, 
pulmonary artery pressure increases, and the degree of 
left-to-right shunt decreases with improvement of heart 
failure symptoms. Chronic exposure of the pulmonary 
vasculature to increased pulmonary blood fl ow produces 
endothelial cell damage as well as release and activation 
of factors involving in vasoconstriction and structural 
change. When pulmonary artery pressure reaches 
systemic levels, there is reversal of the direction of left-
to-right shunt, resulting in hypoxemia and cyanosis so-

called Eisenmenger syndrome.
In 1958, Heath and Edwards[12] suggested a 

progression of structural changes (grade I through 
grade VI) in the histology of lung biopsy. Pulmonary 
vascular lesions begin with medial hypertrophy in the 
small pulmonary arteries,[13] followed by cellular intimal 
proliferation and thickening, and intimal fi brosis, leading 
to lumen occlusion. With advancement of diseases, 
progressively generalized dilatation of the muscular 
arteries (plexiform lesions), as well as thinning and 
fi brosis of the media are superimposed on the formation 
of numerous complex dilatation lesions, and necrotizing 
arteritis takes place. This classifi cation has several 
drawbacks. The more severe Heath-Edwards changes 
(grade IV and higher) are unusual in the fi rst 2 years of 
life, even in the presence of severely elevated pulmonary 
vascular resistance. The advanced changes, if present, are 
often irregularly distributed throughout the lung. 

In 1978, Robinovitch et al[14,15] developed a 
quantitative method for analysis of the pulmonary 
vascular bed in infants and young children. Structural 
fi ndings of increased muscularization and impaired 
growth of the pulmonary arteries were assessed 
morphometrically and graded (Table 4 and Fig. 1).

Some specifi c CHDs are known to be of high risk 
for PAH development if left untreated.[16-19] Complex 
CHDs, such as truncus arteriosus, transposition of the 
great arteries, and complete atrioventricular canal defect 
(Table 2) carry the highest risk for the development of 
severe pulmonary vascular disease in the fi rst year of life. 
Simple post-tricuspid shunts including ventricular septal 
defect and patent ductus arteriosus are prone to develop 
severe PAH compared to pre-tricuspid shunt, and atrial 

Table 3. New proposed classifi cation of pulmonary arterial hypertension in the setting of congenitally malformed hearts as based on circulatory 
pathophysiology
Signifi cant   
shunting lesions

iPAH-like 
physiology

PAH due to past or 
present PVH 

Eisenmenger 
physiology

Fontan-like 
physiology

Unilateral PAH Hypoplastic PA 
system

a) for corrective 
surgery, PVR is 
low and presents 
no problem
b) for corrective 
surgery, PVR 
elevated, risk 
increased but 
accepted
c) for corrective 
surgery, PVR 
elevated, risk 
too high, not 
operable

a) small unoperated 
lesion (e.g., 
PFO, ASD, 
VSD, PDA) not 
hemodynamically 
related to PAH
b) small residua 
after corrective 
surgery of a 
shunting lesion, not 
hemodynamically 
related to PAH

a) after corrective 
surgery of 
pulmonary 
venous stenosis 
or aortic/mitral 
valvar disease or 
coarctation, with 
normal wedge 
pressure and left 
ventricular function
b) PAH due to 
left ventricular 
dysfunction with 
abnormal wedge 
pressure and 
increased PVR

a) classical Eisenmenger 
physiology: no 
sub-pulmonary 
outfl ow obstruction; 
predominantly right-to-
left shunting at atrial, 
ventricular or arterial 
level, no intraventricular 
mixing
b) functionally 
univentricular 
physiology: no sub-
pulmonary outfl ow 
obstruction; systemic 
desaturation is due to 
intraventricular mixing

a) after Fontan 
operation with the 
right atrium being 
incorporated
b) Fontan with 
a lateral or 
extracardiac 
conduit, right 
atrium excluded, 
no fenestration
c) anatomy as 
above under b), 
with fenestration

a) due to a surgical 
shunt previously 
created to increase 
pulmonary blood 
fl ow which has led 
to signifi cant PAH 
on that side
b) due to 
congenital origin 
of one pulmonary 
artery or of major 
collateral vessels 
from the aorta, 
causing PAH

a) after corrective 
surgery of tetralogy 
of Fallot without 
major anatomical 
obstructions of the 
pulmonary vascular 
system, and PAH
b) after corrective 
surgery of 
pulmonary 
atresia without 
major anatomical 
obstructions of the 
pulmonary vascular 
system, and PAH

ASD: atrial septal defect; iPAH: idiopathic pulmonary arterial hypertension; PA system: pulmonary vascular system; PDA: patent ductus 
arteriosus; PFO: patent foramen ovale; PVH: pulmonary venous hypertension; PVR: pulmonary vascular resistance; VSD: ventricular septal 
defect. (Adapted from Schulze-Neick et al[11] with permission)
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septal defect which usually increased pulmonary vascular 
resistance from the third decade of life. 

In most instances, the congenital systemic-to-
pulmonary artery shunts are reversible if detected 
early.[15,19] In the past, lung biopsy and assessment of 
arteriopathy were an aid to identify the feasibility of 
surgery and reversibility of PAH secondary to CHD.[20-23] 
In 280 autopsy studies in infants under one year of 
age with CHD, advanced pulmonary hypertensive 
arteriopathy (grade IV or more) was rarely found.[24] 

Whether pulmonary artery pressure and pulmonary 
vascular resistance eventually return to normal or 
remain elevated after surgical repair is determined by 
the morphometric and the Heath-Edwards grades as well 
as the age of the patient at the time of surgical repair. 
Robinovitch et al[15] studied the correlation between lung 
biopsy at the time of surgical repair and postoperative 
pulmonary hemodynamic fi ndings in 74 patients with 
congenital heart defects frequently complicated by PAH, 
such as ventricular septal defect, D-transposition of the 
great arteries, and complete atrioventricular canal defect. 
One year after repair, pulmonary artery pressure and/or 
pulmonary vascular resistance was normal in all patients 
whose conditions were corrected surgically before 9 
months of age regardless of the severity of pulmonary 
vascular changes. The pulmonary artery pressure and 
pulmonary vascular resistance were increased in all 
patients whose conditions were repaired after 2 years of 
age with grade C morphometric fi ndings or increased to 
a severe degree if associated with Heath-Edwards grade 
III.

iPAH-like physiology
PAH associated with small unoperated lesions (patent 
foramen ovale, atrial septal defect, ventricular septal 
defect, and patent ductus arteriosus) or hemodynamically 
insignifi cant residua after corrective surgery of a shunt 
lesion is thought to be the combination of iPAH and 
a small CHD. This group of patients are thought to 
have some genetic predisposition to develop PAH even 
in low fl ow and low pressure shunt lesions. There is 
evidence showing mutations in receptors in the TGF-β 

Table 4. Lung biopsy in congenital heart disease: a morphometric approach to pulmonary vascular disease
Grade Lung biopsy fi ndings
A Extension of muscle into peripheral arteries normally nonmuscular, either as a solitary fi nding or associated with a mild increase

  in the medial wall thickness of the normally muscular arteries (≤1.5 times normal)
B Extension as in grade A but greater medial hypertrophy

  Mild: Medial wall thickness is greater than 1.5 but less than 2 times normal
  Severe: Medial wall thickness is 2 times normal or greater

C Feature of B (severe), with a decreased number of peripheral arteries relative to alveoli and usually decreased arterial size
  Mild: More than half of the normal number of arteries is present
  Severe: Half of the normal number of arteries or less is observed

Adapted from Rabinovitch  et al[15] with permission.

superfamily, which affect vascular intimal proliferation 
and are responsible for almost all familial PAH.[25] These 
mutations are usually in BMPR2 (bone morphogenetic 
protein receptor 2)[26] and in ALK-1 (activin-like kinase 
1: the receptor involved in hereditary hemorrhagic 
telangiectasia). Other important signaling systems 
including K channels,[27] serotonin, angiopoietin, and 
cyclooxygenase have been found to be involved in 
PAH.[28] It is unlikely that one factor or gene mutation 
will explain all forms and cases of PAH.

Fig. 1. A summary of schema showing morphometric changes of 
extension of muscle into peripheral arteries, percent wall thickness 
and artery number (alveolar arterial ratio (ALV/Art)) as they relate to 
age. Above panel is normal development. Bottom shows abnormalities 
in all three features in the 2-year-old child with a hypertensive 
ventricular septal defect (VSD). TB: artery accompanying a terminal 
bronchiolus; RB: artery accompanying a respiratory bronchiolus; AD: 
artery accompanying an alveolar duct; AW: artery accompanying an 
alveolar wall. (Adapted from Rabinovitch et al[14] with permission)

(High pressure, High resistance)

(25:1)
NORMAL

VSD 2 years

Peripheral pulmonary arterial development
ALV/Art ratio

(20:1) (12:1) (6:1)

Neonate 2 years Adult
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PAH due to past or present pulmonary venous 
hypertension
This category consists of left-sided valvular heart diseases, 
pulmonary venous stenosis, total anomalous pulmonary 
venous drainage with obstruction, cor triatriatum, 
hypoplastic left heart syndrome with a restrictive atrial 
septal defect, left-sided atrial or ventricular heart diseases, 
and coarctation of the aorta. With the same elevation 
of pulmonary venous pressure, the pulmonary artery 
pressure may vary from one child to another because 
of the degree of pulmonary arteriolar vasoreactivity.[1] 
This category requires therapies directed at relieving 
valvular mechanical defects or improving myocardial 
performance rather than pulmonary vasodilator therapy. 
PAH associated with pulmonary venous hypertension 
caused by pulmonary venous stenosis or left-sided heart 
obstruction can be reversible after corrective surgery. 
However, some patients develop a reaction to pulmonary 
venous hypertension, either after corrective surgery or 
an ongoing problem (e.g., left ventricular myocardial 
diseases with increased end diastolic pressures).

Eisenmenger physiology
Eisenmenger physiology tends to be recognized in 
the middle of the second decade of life. Multisystem 
involvement complicated in Eisenmenger syndrome 
has long been recognized including cerebrovascular 
accidents (stroke or transient ischemic attack), bleeding, 
thrombotic diathesis, infections, hepatic and renal 
involvement, progressive right ventricular failure, cardiac 
arrhythmia, and sudden cardiac death.[29]

Classical Eisenmenger physiology includes 
cyanosis from predominant right-to-left shunt through 
atrial, ventricular, or great arteries communications. In 
Eisenmenger patients, cyanosis may present with exercise 
and become cyanotic at rest as diseases progress. Some 
patients may exhibit differential cyanosis with right-to-left 
shunt through great arteries communication via the patent 
ductus arteriosus. Clubbing is invariable in Eisenmenger 
patients, while it typically is not a feature of iPAH.[5,30]

Hematological abnormalities consist of secondary 
erythrocytosis which is a physiologic response to chronic 
hypoxemia. Erythrocytosis increases only the red blood 
cells to improve oxygen delivery. Thrombocytopenia 
also contributes to a bleeding diathesis after surgical and 
dental procedures. Abnormal hemostasis is of particular 
interest in Eisenmenger patients with both bleeding and 
thrombotic diathesis. Thrombus in proximal pulmonary 
arteries, pulmonary infarction, and hemoptysis are 
common in adult patients with Eisenmenger physiology.

Cerebral complications including stroke and cerebral 
abscess have been found to infl uence the quality of life 
of patients.[31] Endocarditis may complicate outcome.[31] 

Renal dysfunction, hyperuricemia, clinical gout, 
cholelithiasis, and cholecystitis may ensue secondary to 
high erythrocyte turnover. Progressive right ventricular 
failure and cardiac arrhythmia are frequent late sequelaes 
in patients with Eisenmenger physiology.

Fontan-like physiology
In contrast to a 2-ventricle circulation, lesions of 
univentricular physiology with surgical creation of 
cavopulmonary anastomosis (Glenn shunt and its variants 
or Fontan palliation and its variants) are very fragile. 
With Glenn shunt, the superior vena cava connects 
directly with the pulmonary arteries while the inferior 
vena cava and the superior vena cava both connect 
to the pulmonary arteries in the Fontan anastomosis. 
Because cardiac output is determined by transpulmonary 
fl ow (itself mainly determined by pulmonary vascular 
resistance), the lowest possible pulmonary vascular 
resistance is critical to the maintenance of cardiac output. 
Cardiac output can be increased by improving fl ow to the 
lungs (stream line non-obstructive Fontan connection, 
stenting of hypoplastic or stenotic pulmonary artery) or 
by bypassing the lungs with a fenestration.[32] In these 
patients, the increase in pulmonary vascular resistance 
leads ultimately to failure of the circulation.

Unilateral PAH
Shunts created by unilateral surgery for increasing 
pulmonary blood fl ow (Blalock-Taussig, Waterston, and 
Pott) in congenital cyanotic heart lesions with decreased 
pulmonary blood fl ow cause PAH in the corresponding 
lung. The large unrestrictive congenital aortopulmonary 
collaterals (major aortopulmonary collateral arteries or 
MAPCAs) may result in high degree of pulmonary blood 
fl ow to the affected lung and segmental PAH. Differential 
lung perfusion in congenital unilateral pulmonary 
artery stenosis and pulmonary hyperperfusion of the 
contralateral lung is another cause of unilateral PAH.

The anomalous origin of one pulmonary artery from 
the ascending aorta with 2 normal semilunar valves (so-
called "hemitruncus") results in increased pulmonary 
blood fl ow to the affected lung and unilateral PAH. 
Interestingly, some patients with anomalous origin of one 
pulmonary artery from the ascending aorta have elevated 
pulmonary vascular resistance in the contralateral 
lung. The reasons are not yet well understood. The 
proposed mechanisms are neurovascular refl exes or 
humoral vasoactive mediators, or both. Without surgical 
correction in the fi rst year of life, PAH may develop in 
both lungs.[33]

Hypoplastic pulmonary artery system
In CHDs with decreased pulmonary blood fl ow, such 
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as Tetralogy of Fallot or pulmonary atresia and intact 
ventricular septum, hypoplasia of the pulmonary arterial 
musculature is observed.[34] In addition, thromboemboli 
can attribute to high hematocrits as well. After corrective 
surgery for Tetralogy of Fallot or pulmonary atresia, 
some patients continue to have increased pulmonary 
vascular resistance due to hypoplasia of the pulmonary 
vascular bed without major anatomical obstruction.

Pathobiology
Disturbances of the vascular endothelial function of 
pulmonary arteries and arterioles can be demonstrated 
in both iPAH and PAH secondary to CHD.[6] While the 
initiating stimulus of iPAH is unknown, the stimulus 
for the development of PAH in CHD is the pressure and 
volume load on the pulmonary vascular bed. Structural 
changes of pulmonary vascular disease are observed in 
both iPAH and PAH secondary to CHD. The histologic 
fi ndings of pulmonary vascular disease in patients with 
fatal Eisenmenger syndrome were found to be associated 
with fi brinoid necrosis of the small pulmonary arteries 
and arterioles.[35]

Risk factors
In neonates with CHD, the severity and rate of 
progression of PAH can be determined by 3 risk factors: 
magnitude of pulmonary blood fl ow, elevation of 
pulmonary artery pressure, and arterial hypoxemia.[34,36] 
Neonates with lesions such as truncus arteriosus or 
transposition of the great arteries with ventricular septal 
defect, and lesions with 3 risk factors listed above, 
can therefore develop irreversible pulmonary vascular 
disease earlier in life.[7] In addition, children with Down 
syndrome and CHD seem to have an added risk factor 
for PAH due to pulmonary alveolar hypoplasia and 
chronic upper airway obstruction.[37] There are evidences 
showing that younger children with iPAH appear to 
have a more reactive pulmonary vascular bed relative 
to both active pulmonary vasodilatation and pulmonary 
vasoconstriction, with severe acute pulmonary 
hypertensive crises occurring in response to pulmonary 
vasoconstrictor "triggers" more often than in older 
children or adults.[4,5] 

Evaluation
Clinical manifestations
The clinical manifestations of PAH in CHD are related 
to type and size of congenital heart defects, patients' 
age, severity of PAH, direction of the shunt, and 
state of repair. The presenting symptoms of PAH are 

nonspecifi c, including exertional dyspnea, fatigue, chest 
pain, palpitation, hemoptysis, and syncope. Exertional 
breathlessness is due to inability of the right ventricle to 
increase in cardiac output with metabolic demand.[1] In 
Eisenmenger syndrome, cyanosis and clubbing of fi ngers 
usually can be recognized from the right-to-left shunt. 
Chest pain can be caused by progressive right ventricular 
stress causing increased myocardial oxygen demand, 
critically elevated right ventricular systolic pressure 
reducing the pressure gradient from the epicardial right 
coronary artery to the subendocardium, thus reducing 
coronary fl ow, or extrinsic compression of the left main 
coronary artery from dilated pulmonary artery.[38-41] 
Orthopnea and paroxysmal nocturnal dyspnea due to 
elevated pulmonary venous pressure and pulmonary 
congestion in left heart diseases or left ventricular 
dysfunction may be presenting symptoms.

Physical examination
Physical fi ndings include cyanosis at rest, right 
ventricular lift, palpable P2, loud P2 (frequently with 
a single loud second heart sound), a pulmonic ejection 
sound from the dilated pulmonary trunk, and a diastolic 
murmur of pulmonary insuffi ciency. Differential 
cyanosis may be presented if there is right-to-left shunt 
through patent ductus arteriosus and enter the aorta 
at or immediately beyond the left subclavian artery. 
The toes are cyanosed and clubbed. The right hand is 
acyanotic, and the fi ngers are not clubbed, whereas 
mild cyanosis and clubbing may be found in the left 
hand. In condition of transposition of the great arteries, 
patent ductus arteriosus, and suprasystemic pulmonary 
vascular resistance, reversed differential cyanosis may 
be presented. Pulmonary arterial blood with high oxygen 
content enter the aorta to the lower extremities resulting 
in less cyanotic feet compared to hands. In patients who 
had corrective surgery without residual lesion, physical 
fi ndings are similar to those of patients with iPAH.

Transcutaneous oxygen saturation (SpO2)
The systemic-to-pulmonary artery shunting lesions have 
normal arterial oxygen saturation until the reversal of 
the direction of the shunt develops. Differential cyanosis 
or reverse differential cyanosis can be detected by SpO2 
monitoring. All intraventricular mixing lesions such 
as single ventricle physiology have arterial oxygen 
desaturation whose degree of cyanosis depends on the 
degree of pulmonary stenosis and/or pulmonary vascular 
resistance which limits blood fl ow to the lungs.

The arterial oxygen saturation in most patients 
with iPAH physiology is normal. Some patients exhibit 
peripheral cyanosis related to the extraction of oxygen 
associated with low cardiac output and systemic 
vasoconstriction. Occasionally, there is a decrease in 
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arterial oxygen saturation because of a right-to-left shunt 
through patent foramen ovale or small atrial septal defect.

Electrocardiogram (ECG)
Except for abnormalities related to the underlying 
cardiac defect, ECG may also provide suggestive or 
supportive evidence of PAH. However, diagnostic yield 
for PAH is low.[2] The ECG fi ndings include right axis 
deviation, right atrial enlargement, and right ventricular 
hypertrophy with secondary T-waves change.

Chest radiography
Radiographic manifestations in infants with left-to-
right shunts include cardiomegaly, prominence of the 
pulmonary vasculature, and dilatation of the central 
pulmonary arteries.[42] With the severe and longstanding 
process, this shunt fl ow decreases and reverses, resulting 
in peripheral pruning of pulmonary vessels.[42] Signs 
of right atrial and right ventricular enlargement and 
calcifi cation of the central pulmonary arteries may also 
present. In addition, as the pulmonary vascular resistance 
increases, if the congenital heart defect is not corrected, 
the heart size may decrease because of a smaller left-to-
right shunt.

Transthoracic echocardiography
Echocardiography is useful for initial evaluation and 
follow-up of the treatment. Cardiac defects, level of 
shunting, degree and direction of shunts, severity of PAH, 
and ventricular function can be delineated systematically. 
Abnormal motion of the interventricular septum in 
parasternal short-axis views of the left ventricle has 
been described as an echocardiographic feature of right 
ventricular pressure overload if the interventricular 
septum is fl attened and bulges toward the left ventricle 
(D-shape left ventricle in parasternal short-axis view) 
throughout the cardiac cycle.[43] The eccentricity index 
measures the degree of septal displacement and is defi ned 
as the ratio of the length of two-perpendicular minor-axis 
diameters, one of which is bisected and perpendicular 
to the interventricular septum. The eccentricity index 
greater than 1.0 at both end-systole and end-diastole 
suggests right ventricular pressure overload. Estimation 
of pulmonary artery pressure from Doppler pressure 
gradients across the tricuspid valve provides non-
invasive hemodynamic data which are correlated well 
with invasive cardiac catheterization data.[2] The Tei 
index which is the sum of the isovolumetric contraction 
time and isovolumetric relaxation time, devided by the 
ejection time, assesses both systolic and diastolic right 
ventricular function.[41,44] The tricuspid annular plane 
systolic excursion (TAPSE) correlates with the right 
ventricular ejection fraction.[44]

Cardiac catheterization
Invasive assessment by cardiac catheterization shows 
disease severity by determining the pulmonary artery 
pressure, pulmonary vascular resistance, and the 
vasoreactivity of the pulmonary vasculature. However, 
major complications including acute pulmonary 
hypertensive crisis, and death may occur. Taylor et al[45] 
reported the incidence of resuscitation and death in 5.3% 
and 1.3% of children with both primary and secondary 
PAH during cardiac catheterization under general 
anesthesia. Carmosino et al[46] reported pulmonary 
hypertensive crisis in 4.3% of cardiac catheterization 
procedures. The risk of the procedure should be weighted 
against the benefi t of the information. 

Complete anatomic and physiologic data of various 
forms of CHD including acute pulmonary vasoreactivity 
testing are important to determine the appropriate 
therapy and prognosis. Oxygen, nitric oxide inhalation, 
and prostanoid (intravenous and inhalation) are the 
vasodilating agents used to test pulmonary vascular 
reactivity in these patients.[47] Nitric oxide inhalation 
lowers mean pulmonary artery pressure and pulmonary 
vascular resistance irrespective of etiology of PAH.[48] 
Nitric oxide in a dose range of 5 to 40 parts per million 
(ppm) has been used in addition to 100% oxygen in 
preoperative evaluation of pulmonary vascular resistance 
in children with CHD.[49,50] Oral sildenafi l also can be used 
for assessment of feasibility of corrective cardiac surgery. 

An acute response to the pulmonary vasoreactivity 
testing is generally defi ned as a decrease in mean 
pulmonary artery pressure of at least 10 mmHg with the 
mean pulmonary artery pressure decreasing to 40 mmHg 
or below, accompanied by a normal or high cardiac 
output.[2] In patients with left-to-right shunt and reactive 
pulmonary vascular bed, selective pulmonary vasodilator 
results in increased pulmonary blood fl ow and unchanged 
pulmonary artery pressure. Some investigators consider 
a simultaneous decrease in both pulmonary vascular 
resistance and pulmonary-to-systemic vascular resistance 
ratio of more than 10%, indicating selective reactivity 
of the pulmonary vascular bed.[51] The responsiveness 
of inhaled nitric oxide in adult patients with PAH and/
or Eisenmenger syndrome was shown to be related 
to cardiopulmonary death and may be important risk 
stratifi cation.[52] 

Pulmonary wedge angiography is useful for 
evaluation of the pulmonary vascular bed in patients with 
CHD and PAH.[53] Typically, pulmonary angiography 
demonstrates large central pulmonary arteries with 
marked peripheral tapering. However, this procedure 
carries an increased risk in patients with PAH.

Cardiac magnetic resonance imaging or high-
resolution computed tomography
Magnetic resonance imaging is superior to echocardio-
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graphy in delineating cardiac anatomy both before 
and after cardiac surgery, particularly in patients 
with poor echocardiographic windows. Functional 
assessment is readily combined with the anatomical 
data. The advantages include noninvasiveness, good 
reproducibility, and no ionizing radiation. Various 
magnetic resonance techniques such as magnetic 
resonance angiography, perfusion imaging, and 
ventilation imaging have been used to evaluate the 
pulmonary vasculature and cardiac structure. In addition, 
magnetic resonance imaging provides information on 
right ventricular volume, mass, and function, valvular 
regurgitation, and extracardiac conduits.

Computed tomography provides excellent evaluation 
of the pulmonary vasculature, mediastinal structure, and 
lung parenchyma. High-resolution computed tomography is 
useful to assess pulmonary arterial thrombi, intrapulmonary 
hemorrhage or infarction in patients with PAH. Main 
pulmonary artery diameter has a good predictive value 
regarding the severity of PAH.[54] Pulmonary neovascularity 
fi nding (small, tortuous intrapulmonary vessels), lobular 
ground-glass opacifi cation, and hilar and intercostal 
systemic collaterals were more prevalent in Eisenmenger 
syndrome, with greater severity in posttricuspid 
communication.[55] In contrast to magnetic resonance 
imaging, functional information such as ventricular 
function, fl ow, shunt, and regurgitant fraction are limited 
with computed tomography. In addition, radiation exposure 
and the use of iodinated contrast media are necessary with 
computed tomography.

Treatment
General management
Because physical activity is associated with increased 
pulmonary artery pressure, competitive sports are not 
recommended. Isometric activities such as lifting weights 
or stair climbing should be avoided. The balance of fl uids 
should be preserved. Dehydration and excessive diuretics 
should be avoided. Decongestants with alpha-adrenergic 
properties are not suitable in this situation.[30] Long-term 
oxygen therapy is not routinely recommended although 
it is associated with improved subjective status in some 
patients.[29]

There is an association between an increased 
incidence of transient ischemic attacks and stroke and 
iron defi ciency anemia. Iron defi ciency anemia should be 
treated with oral iron supplementation. Some centers use 
transferrin saturation and serum ferritin instead of mean 
red cell volume in detection of iron depletion in this 
setting.[56] 

Phlebotomy with replacement of fl uid such as 
plasma or albumin is indicated in patients with severe 
hypoxemia with symptomatic erythrocytosis. However, 

routine phlebotomy should be discouraged because of 
depletion of iron stores and reduction of the circulating 
blood volume.[30]

Pregnancy carries signifi cant risk for patients with 
Eisenmenger physiology with maternal death reported up 
to 50%.[19] Oral contraceptives should not be used and the 
most effective form of contraception for most patients is 
surgical sterilization.[30] 

PAH has been associated with an increased risk of 
perioperative cardiovascular complication. The proposed 
mechanism is a rapid increase in pulmonary vascular 
resistance related to pulmonary vasoreactivity that can 
lead to a pulmonary hypertensive crisis and/or right 
heart failure. The hemodynamic and pulmonary vascular 
effects of anesthetic drugs are of particular concern. 
Baseline suprasystemic PAH is a signifi cant predictor of 
major complications including cardiac arrest, pulmonary 
hypertensive crisis, and death.[46] 

Medical treatment (Table 5)
There are 3 major pathways involved in abnormal 
proliferation and contraction of smooth muscle cells of the 
pulmonary artery in patients with PAH. These pathways 
correspond to important therapeutic drugs which are 
designed to augment prostacyclin and nitric oxide systems 
or block the endothelin effects (Fig. 2):[57] prostacyclin 
pathway (prostacyclin analogues), endothelin pathway 
(endothelin-receptor antagonists), and nitric oxide 
pathway (phosphodiesterase type 5 inhibitor and exogenous 
nitric oxide).

Prostacyclin analogues
Several compounds and administration methods of 
prostacyclin (prostaglandin I2) analogues have been 
studied in the treatment of both iPAH and PAH secondary 
to CHD. Prostacyclin induces relaxation of vascular 
smooth muscle by stimulating the production of cyclic 
adenosine monophosphate (cAMP).[57] In addition, it is 
an inhibitor of platelet aggregation and smooth muscle 
cell proliferation.

1. Intravenous epoprostenol
Chronic intravenously infused epoprostenol lowers 
pulmonary vascular resistance and improves symptoms 
and survival in adults with iPAH.[58] Epoprostenol has 
been proven to improve survival, functional class, and 
exercise capacity in children with iPAH and secondary 
PAH.[59] Because of very short half-life, continuous 
intravenous infusion is required which increases 
complications from the complex delivery system. 
Therapy should never be abruptly withdrawn so as to 
avoid severe or fatal pulmonary hypertension.

The optimal dose of intravenous epoprostenol in 
children is unclear. The recommended starting dose is 1-2 
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ng/kg per minute, with dose increment of 1-2 ng/kg per 
minute every 15 minutes or longer until the appearance 
of dose-limiting side effects. Incremental increases 
occur more frequently during the fi rst few months after 
administration of epoprostenol. The mean chronic dose 
at 1 year of therapy is 20-40 ng/kg per minute in adults, 
but it is 50-80 ng/kg per minute in children (particularly 
younger children). Signifi cant patient variability in 
optimal dose occurs in pediatric patients.[5,60,61]

2. Treprostinil
Treprostinil is a stable prostacyclin analogue, with 
a half-life of 3 hours.[62] It is infused subcutaneously 
or intravenously. Continuous intravenous treprostinil 

in adult patients with PAH (idiopathic, or associated 
with connective tissue disease or CHD) could increase 
6-minute-walk distance, treadmill time, Borg dyspnea 
score, and cardiopulmonary hemodynamics at week 12 
compared with baseline.[63] The recommended dose for 
continuous subcutaneous treprostinil is 1.25 ng/kg per 
minute, with dose increment of 1.25 ng/kg per minute 
weekly to desired effect.[61] The usual maximum dose 
is 40 ng/kg per minute.[61] Short-term transition from 
intravenous epoprostenol to intravenous treprostinil has 
shown to be safe and effective in adult patients.[64]

3. Inhaled iloprost
Inhaled iloprost is a stable prostacyclin analogue, with a 

Table 5. Treatment of pulmonary arterial hypertension
Name of
 drug

Drug class Route of
 administration 

Dosage/regimen Maximum
 dose 

Common side effects Comments 

Epoprostenol Prostacyclin 
analogue 

IV IV continuous: start 1-2 ng/kg per 
min, increase 1-2 ng/kg per min 
q 15 min until dose-limiting side 
effects, then titrate to effi cacy q 2 
weeks (usually up to 20-40 ng/kg 
per min in adults, and 50-80 ng/kg 
per min in children) 

80 ng/kg 
per min

Catheter infection 
and malfunction; 
side effects related to 
prostacyclin* 

Tachyphylaxis: the need for 
increased doses with chronic 
use; stable long-term IV access 
needed; abrupt withdrawal 
can cause severe/fatal PAH; 
effective in patients with 
severe PAH and RHF

Treprostinil Prostacyclin 
analogue 

IV, SC SC continuous: start 1.25 ng/kg 
per min, increase weekly by 1.25 
ng/kg per min to desired effect 

Limited 
experience 
with doses 
>40 ng/kg 
per min

Catheter infection and 
malfunction; infusion 
site pain and erythema; 
side effects related to 
prostacyclin* 

-

Iloprost Prostacyclin 
analogue 

Inhaled 2.5-5 mcg/inhalation, 10-15 min, 
6-9 times daily

7.5 mcg/
inhalation;
maximum 
daily dose is 
45 mcg 

Cough; side 
effects related to 
prostacyclin* 

Selective delivery of 
prostacyclin to lungs; need 
for frequent treatments 

Beraprost
  sodium 

Prostacyclin 
analogue 

Oral Start 1 mcg/kg per day, increase 
as tolerated 

4 mcg/kg 
per day

Side effects related to 
prostacyclin* 

-

Bosentan Endothelin-
receptor 
antagonist 

Oral <10 kg: 15.625 mg qd × 4 weeks, 
then increase to 15.625 mg 
bid; 10-20 kg: 31.25 mg qd × 4 
weeks, then increase to 31.25 
mg bid; 20-40 kg: 31.25 mg bid 
× 4 weeks, then increase to 62.5 
mg bid; >40 kg: 62.5 mg bid × 4 
weeks, then increase to 125 mg bid

125 mg bid Hepatocellular injury, 
anemia, headache, 
fl ushing, edema, 
nasopharyngitis, 
teratogenic effects

Need LFTs checked monthly; 
primarily metabolized 
through cytochrome 
P450 isoenzyme systems; 
contraindicated in pregnancy 

Sildenafi l Phosphodiesterase
type 5 inhibitor 

Oral Start at a dose of 0.25-0.5 mg/kg 
q 4-8 hours, then titrate if needed 
and if tolerated to a dose of 1 mg/
kg q 4-8 hours 

A dose of 2 
mg/kg q 4 
hours

Hypotension, epitaxis, 
headache, fl ushing, 
nausea, diarrhea, 
blurred vision; rare 
cases of sudden vision 
loss attributed to 
nonarteritic ischemic 
optic neuropathy 
(NAION) have been 
reported when used 
for treatment of male 
erectile dysfunction 

Contraindicated with nitrates 
(additive hypotensive effects)

Nitric oxide Potent selective
pulmonary
vasodilator 

Inhaled 5-40 parts per million 80 parts per 
million 

Methemoglobin 
production, impaired 
platelet aggregation 

Monitor methemoglobin 
level; abrupt withdrawal may 
cause severe rebound PAH

bid: two times daily; IV: intravenous; kg: kilogram; LFTs: liver function tests; mcg: microgram; mg: milligram; min: minute; ng: nanogram; PAH: 
pulmonary arterial hypertension; q: every; qd: daily; qid: four times daily; RHF: right heart failure; SC: subcutaneous. *: side effects related to 
prostacyclin: jaw pain, headache, fl ushing, nausea, diarrhea.
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half-life of 20 to 25 minutes.[62] It needs to be delivered 
in 6 to 9 inhalations per day. Each inhalation requires 
10 to 15 minutes. The usual dose in adults is 2.5-5 
mcg per inhalation.[65] The maximum daily dose is 45 
mcg. Inhaled iloprost has been shown to be effective in 
increased 6-minute-walk distance, decreased pulmonary 
artery pressure and pulmonary vascular resistance, and 
improved cardiac output in adults with iPAH.[66] There is 
mild adverse effect including cough, headache, and jaw 
pain.

Ivy et al[67] reported the short- and long-term outcome 
of inhaled iloprost in 22 children with PAH (iPAH and 
secondary to CHD). They found that acute administration 
of inhaled iloprost lowered mean pulmonary artery 
pressure equivalent to the response to inhaled nitric 
oxide with oxygen although inhaled iloprost occasionally 
induced bronchoconstriction. The dose of inhaled 
iloprost was 2.5-7.5 mcg per inhalation, 5 to 9 inhalations 
daily. At 6 months, World Health Organization (WHO) 
functional class improved in 35%, decreased in 15%, and 
remained unchanged in 50% of children. The transition 

from intravenous to inhaled prostacyclin therapy was 
tolerated in most patients.

4. Beraprost sodium
Beraprost sodium is an orally active prostacyclin 
analogue. Beraprost sodium in children with CHD 
has been found to be associated with reduction of the 
pulmonary-to-systemic vascular resistance ratio and 
insignifi cant change in pulmonary artery pressure, 
which lead to an increase in intracardiac shunt.[68] 
Beraprost sodium has been demonstrated to improve 
exercise capacity and Borg dyspnea score in New 
York Heart Association (NYHA) functional class II 
and III in adolescent and adult patients with PAH, in 
particular, in those with iPAH in a prospective, double-
blind, randomized, placebo-controlled, 12-week trial.[69] 
However, these benefi cial effects may occur during early 
phases of treatment and attenuates with time.[70] The 
recommended initial dose is 1 mcg/kg per day up to a 
maximum dose of 4 mcg/kg per day.[68,71]

The combination of oral beraprost sodium 

Fig. 2. Targets for current or emerging therapies in pulmonary arterial hypertension. (Adapted from Humbert et al[57] with permission)
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and inhaled iloprost was shown to have benefi cial 
hemodynamic effects on the lung vasculature and 
reducing systemic side effects while improving the 
6-minute-walk distance and reducing right ventricular 
systolic pressure in pediatric and adult patients with PAH 
secondary to CHD.[71]

Endothelin-receptor antagonists
Endothelin (ET)-1 is a highly potent in vitro and in 
vivo vasoconstrictor and a smooth muscle mitogen. 
There are 2 endothelin receptor subtypes identifi ed, 
receptors A and B.[72] The ETA   receptors are expressed 
on pulmonary vascular smooth muscle cells and 
mediate vasoconstriction and proliferation. The ETB 
receptors mediate endothelium-dependent vasodilatation 
through the release of nitric oxide, prostacyclin, and 
adrenomodullin. The ETB receptors can also cause 
vasoconstriction.[73] iPAH and secondary PAH are 
associated with increased ET-1 level in plasma and lung 
tissue.[3,74,75] 

1. Bosentan
Bosentan is an orally active, competitive antagonist 
of both ETA and ETB receptors, with a slightly higher 
affi nity for the ETA receptor. Bosentan diminishes 
endothelin-induced smooth muscle cell contraction, 
hypertrophy and hyperplasia, and fi brosis and reduces 
both the hemodynamic and structural response to 
experimentally induced pulmonary hypertension. In 
2002, bosentan was shown to be safe and effi cacious in 
the treatment of adults with PAH.[76]

Experience of bosentan use in children showed 
that bosentan helped stabilize in iPAH but intravenous 
epoprostenol was needed for combined treatment. 
Children with secondary PAH improved WHO functional 
class and 6-minute-walk test signifi cantly.[77] In addition, 
bosentan associated with decreased right ventricular 
systolic pressure was demonstrated in infants and young 
children with PAH secondary to CHD.[78] Bosentan use in 
small infants without signifi cant adverse effects was also 
reported.[79]

Votava-Smith et al[80] reported the successful use of 
bosentan for increased pulmonary vascular resistance in a 
10-year-old boy who underwent late bidirectional Glenn 
shunt for double-inlet left ventricle, with unobstructed 
pulmonary blood fl ow. After 16 weeks of bosentan 
therapy, the decrease in mean pulmonary artery pressure 
and transpulmonary gradient allowed for improvements 
in cardiopulmonary exercise test and symptoms.

In adult patients with severe PAH related to CHD, 
there were signifi cant improvement in clinical status, 
exercise tolerance, and pulmonary hemodynamics after 
short- and mid-term bosentan therapy.[81-87] Bosentan 
therapy for adults with Eisenmenger syndrome also 

resulted in improvement of oxygenation and subjective 
functional status.[88,89] However, objective exercise 
parameters appeared to slowly return to baseline value at 
2 years of follow-up.[90,91]

The Bosentan Randomized Trial of Endothelin 
Antagonist Therapy-5 (BREATH-5) was a 16-week, 
multicenter, randomized, double-blind, placebo-
controlled study in adolescent and adult patients with 
WHO functional class III Eisenmenger syndrome.[92] 
Bosentan was well tolerated and improved exercise 
capacity and hemodynamics without compromising 
transcutaneous oxygen saturation.

The endothelin antagonist trial in mildly symptomatic 
pulmonary arterial hypertension patients (EARLY) study 
was a prospective, randomized, double-blind, controlled 
trial in patients with WHO functional class II PAH 
(idiopathic, and secondary).[93] At 6 months, the decrease 
in mean pulmonary vascular resistance and increase in 
the 6-minute-walk distance were demonstrated in the 
bosentan group. 

The dosage of bosentan in children is based on 
pediatric studies: <10 kg: 15.625 mg daily for 4 weeks, 
which is then increased to a maintenance dose of 15.625 
mg twice daily; 10-20 kg: 31.25 mg daily for 4 weeks, 
then increased to a maintenance dose of 31.25 mg twice 
daily; 20-40 kg: 31.25 mg twice daily for 4 weeks, then 
increased to a maintenance dose of 62.5 mg twice daily; 
>40 kg: 62.5 mg twice daily for 4 weeks, then increased 
to a maintenance dose of 125 mg twice daily.[60,61,94]

Elevation in liver aminotransferases, i.e., aspartate 
and/or alanine aminotransferases (AST and/or ALT), 
associated with bosentan use is documented in a minor 
percentage of patients. Aminotransferase levels must be 
measured before and during the treatment with bosentan.

2. Sitaxsentan
Sitaxsentan is an oral ETA selective endothelin-receptor 
antagonist. The STRIDE-1 and STRIDE-2 study 
(Sitaxsentan To Relieve Impaired Exercise), double-
blind, placebo-controlled, sitaxsentan has been shown 
signifi cant benefi t in 6-minute-walk distance, WHO 
functional class, and hemodynamics in adult patients with 
PAH (idiopathic, or associated with connective tissue 
disease or CHD).[95,96] Long-term follow-up to 1 year also 
showed improvement in these parameters without serious 
adverse events.[97] Sitaxsentan was shown to be safe and 
effi cacious for whom they discontinued bosentan because 
of inadequate effi cacy or hepatotoxicity.[98] There is no 
reported use of sitaxsentan in children with PAH. 

3. Ambrisentan
Ambrisentan, an oral ETA selective endothelin-receptor 
antagonist, improved exercise capacity, symptoms, and 
hemodynamics in adult patients with iPAH and PAH 
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associated with collagen vascular disease, anorexigen 
use, and human immunodefi ciency virus infection 
while the incidence of elevated liver aminotransferases 
appeared to be low.[99] Data of ambrisentan use in 
children are still lacking.

Phosphodiesterase type 5 inhibitors and exogenous 
nitric oxide
1. Sildenafi l
Sildenafi l is a selective inhibitor of phosphodiesterase 
type 5 (PDE5) which is found in high concentrations in 
the lungs. PDE5 inhibitors act as a "nitric oxide donor". 
Inhibition of PDE5 enhances the vasodilatory effects 
of nitric oxide in PAH by preventing the degradation 
of cyclic guanosine monophosphate (cGMP) while 
promoting relaxation of vascular smooth muscle.[57] 
Sildenafi l has recently been used as an alternative to 
traditional therapies in many forms of PAH in adults and 
children.

The randomized, double-blind, placebo-controlled 
study (SUPER Study; Sildenafi l Use in Pulmonary 
Arterial Hypertension)[100] included 278 adult patients 
with PAH (either idiopathic or associated with connective 
tissue disease or with repaired congenital systemic-to-
pulmonary shunts) in WHO functional class II to IV. 
They were assigned to receive placebo or sildenafi l 
(20, 40, or 80 mg) orally 3 times daily for 12 weeks. 
At week 12, the sildenafi l group showed improved 
exercise capacity, WHO functional class, and pulmonary 
hemodynamics. Most adverse effects, such as headache, 
fl ushing, myalgia, dyspepsia, and diarrhea, were mild to 
moderate and well tolerated.

Sildenafi l has been shown to improve exercise 
capacity and functional class in pediatric and adult 
patients with iPAH and Eisenmenger physiology.[101,102] 
In Fontan patients, oral administration of a single 
dose of sildenafi l improves exercise capacity and 
hemodynamic response to exercise.[103] Sildenafi l 
decreases pulmonary artery pressure without signifi cant 
effect on systemic arterial pressure during postoperative 
period in children.[104,105] Sildenafi l response during 
postoperative pulmonary hypertension in some patients 
who had severe PAH, non-responsive to nitric oxide 
which suggests overactivity of cGMP-degrading PDE5 
may be a more important risk factor than a decrease 
endogenous nitric oxide production.[106] In addition, 
sildenafi l has been reported to prevent rebound PAH 
after withdrawal of inhaled nitric oxide in children.[106,107] 
Intravenous sildenafi l potentiated in increased cGMP 
in response to inhaled nitric oxide by PDE5 inhibition 
was demonstrated during cardiac catheterization and 
postoperative period in infants and children with CHD 
and high pulmonary vascular resistance.[108,109] Medium-
term treatment with oral sildenafi l in children was found 

promising.[110]

The use of sildenafi l in infants and children with 
PAH is indicated in iPAH, persistent pulmonary 
hypertension of the newborn refractory to treatment 
with inhaled nitric oxide, to attenuate rebound effects 
after discontinuing inhaled nitric oxide, and secondary 
PAH following cardiac surgery.[60,105-107,111] Based on the 
case reports and small studies in pediatric population, 
an initial dose of 0.25-0.5 mg/kg every 4-8 hours is 
recommended for infants and children. Dose titration if 
needed and if tolerated to a dose of 1 mg/kg every 4-8 
hours has been reported.[60,61] Doses up to 2 mg/kg every 
4 hours have been used in severe cases.[110]

2. Nitric oxide
Nitric oxide as a potent selective pulmonary vasodilator 
exerts antiproliferative effects on pulmonary vascular 
smooth muscle cells. Nitric oxide is mediated by the 
guanylyl cyclase/cGMP pathway.[112]

Immediate postoperative or "reactive" PAH is 
associated with high morbidity and mortality for severe 
PAH patients who have undergone corrective cardiac 
surgery. Hypoxia-induced pulmonary vasoconstriction 
should be avoided.[113] Data in children with CHD with 
increased pulmonary blood fl ow have shown that nitric 
oxide-related compound affects the hemodynamic 
status and degree of pulmonary vascular disease.[114,115] 
Inhaled nitric oxide has been demonstrated to reduce the 
pulmonary artery pressure and frequency of pulmonary 
hypertensive crisis, improve oxygenation, and shorten 
time to extubation.[116-122] However, some studies have 
shown that inhaled nitric oxide does not improve 
pulmonary hemodynamics or survival after operation for 
CHD with severe PAH.[123,124] The recommended dose is 
5-40 ppm, up to a maximum dose of 80 ppm.[61] Abrupt 
withdrawal of therapy may cause severe rebound PAH. 
In addition, the potential toxicity of methemoglobin 
should be monitored. 

The clinical experience with long-term inhaled nitric 
oxide therapy is limited. There is evidence showing a 
progressive rebound of symptoms during long-term 
treatment.[125]

3. Nitroglycerin
Nitroglycerin inhalation as a nitric oxide donor decreases 
systolic, diastolic, and mean pulmonary artery pressure 
and pulmonary vascular resistance index without 
affecting systemic hemodynamics during cardiac 
catheterization and may be an alternative treatment for 
acute reduction of PAH in children with CHD.[126,127]

Combination therapy
Because of various mechanisms involving in patho-
genesis and pathophysiology of PAH, combination 
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of drugs with different mechanisms of action was 
found effective (Fig. 2).[3,57] The combination of these 
medications should be reserved for selected patients 
who do not respond to monotherapy or for those who 
are initially benefi ted but then deteriorated on a single 
agent.[128]

Long-term bosentan therapy, with or without 
concomitant intravenous epoprostenol or subcutaneous 
treprostinil therapy, has shown to be safe and effective in 
children with PAH (idiopathic, associated with CHD, or 
connective tissue disease).[129]

Oral sildenafi l as adjunctive therapy to inhaled 
iloprost in adult patients with severe PAH, iPAH and 
PAH associated with collagen vascular disease improves 
exercise capacity and pulmonary hemodynamics.[130] 
Bosentan and sildenafi l combination has also shown 
improved NYHA functional class, exercise capacity, and 
pulmonary hemodynamics in various forms of PAH in 
children and adults.[131]

Anticoagulation
Anticoagulation with warfarin has been proved useful in 
adult iPAH patients.[65,132] However, no data are available 
from children with Eisenmenger syndrome. Some cases 
of Eisenmenger syndrome have in situ thrombosis. The 
risk and benefi t of anticoagulation should be weighted 
with the likelihood of hemoptysis in these specifi c group 
of patients.

Aspirin and clopidogrel inhibit platelet aggregation 
in patients with iPAH. Aspirin reduces thromboxane 
metabolite production without affecting prostaglandin I2 
metabolite synthesis. The clinical benefi t and safety of 
long-term aspirin therapy in PAH are unknown.[133]

Other potential therapy
There is an evidence showing that cardiopulmonary 
bypass signifi cantly decreases availability of nitric oxide 
precursors, arginine and citrulline, in the postoperative 
period and may contribute to the increased risk of 
postoperative pulmonary hypertension.[134] Some 
early clinical studies suggest that oral and intravenous 
citrulline may be effective in reducing postoperative PAH 
in infants and children.[135,136] Intravenous citrulline as 
a potential therapy for postoperative PAH is now under 
phase III clinical trials.

Interventional treatment
Atrial septostomy
Atrial septostomy, blade balloon atrial septostomy, and 
graded balloon-dilation atrial septostomy were indicated 
in refractory PAH associated with right ventricular 
failure, as a bridge to transplantation, or the absence 
of other therapeutic options.[137] The procedure should 
be performed only in institutions with experience 

Fig. 3. Illustration of the double fl ap valve patch in profi le with open 
valve. Lateral view of fl ap valve and ventricular septal defect patch. 
(Adapted from Zhang et al[144] with permission)

Fenestration
Right ventricle

Flap-valve patch
Left ventricle

Primary ventricular
septal defect patch

in performing atrial septostomy with a low rate of 
morbidity. Creation of right-to-left shunt increases 
cardiac output and, despite the fall in systemic arterial 
oxygen saturation, augments systemic oxygen transport 
at rest and/or with exercise. The shunt decompresses 
the right heart, reduces right ventricular end diastolic 
pressure or wall stress, and ameliorates right ventricular 
failure in selected patients. It remains unclear whether 
use of atrial septostomy is better tolerated or effective in 
patients previously exposed to intravascular shunting.[138]

Surgical treatment
Surgical closure of intracardiac defects with leaving an 
atrial level communication
Surgical closure in patients with severe PAH and high 
pulmonary vascular resistance associated CHD is 
known to carry signifi cant mortality and morbidity. 
Recently, attempts have been made to close intracardiac 
defects with left patent foramen ovale or create atrial 
communication in many cardiac centers. In 2006, Khan 
et al[139] reported ventricular septal defect closure leaving 
patent foramen ovale or artifi cial atrial septal defect (5 
mm) in 16 infants and children with large ventricular 
septal defect of elevated pulmonary vascular resistance. 
The overall mortality was 6.25%.

Surgical closure of intracardiac defects with "fl ap-
valve" closure
In 1959, Bailey et al[140] applied "fl ap-valve" closure 
in patients with atrial and ventricular septal defects 
with severe PAH. The device allows decompression of 
the right heart whenever the right ventricular pressure 
exceeds systemic levels, thus preventing acute right heart 
failure.

In 1998, Novick et al[141] designed a fenestrated fl ap 
valve double ventricular septal defect patch (Fig. 3). The 
routine ventricular septal defect patch was fenestrated (4 



World J Pediatr, Vol 6 No 1 . February 15, 2010 . www.wjpch.com

26

World Journal of Pediatrics

R
eview

 article

to 8 mm), and on the left ventricular side of the patch, 
a second smaller patch was attached to the upper third 
of the fenestration before ventricular septal defect patch 
placement. Ninety-one children with a large ventricular 
septal defect, as the primary or complex defects, and 
elevated pulmonary vascular resistance underwent 
operation; the overall early mortality rate was 7.7% (7 of 
91) with 7 late deaths.[142] In the absence of sophisticated 
pharmacologic or mechanical intervention, these 
morbidity and mortality were considered reasonable. 

Afrasiabi et al[143] and Zhang et al[144] reported the 
use of valve patch for repair of ventricular septal defect 
with high pulmonary vascular resistance in children. 
Early postoperative mortality was 7%-12.5% because of 
pulmonary hypertensive crisis with no late death. The 
survival patients had improved cardiopulmonary function 
and decreased pulmonary vascular resistance. A small 
amount of right-to-left shunt through the valve patch 
demonstrated by an echocardiography existed in some 
patients.

Transplantation
Heart and lung transplantation or lung transplantation 
in combination with repair of the underlying cardiac 
defect is a therapeutic option in selected patients. 
Survival rates from the International Society for 
Heart and Lung Transplantation registry are presented 
(Table 6).[137] In Eisenmenger syndrome secondary to 
ventricular septal defect, there was a highly signifi cant 
survival benefi t of heart and lung transplantation over 
lung transplantation.[145] However, some cardiac centers 
prefer to perform repair of CHD and lung transplantation 
to augment the donor pool and avoid the cardiac 
complications associated with heart transplantation. 
Freedoms from bronchiolitis obliterans and survivals 
were similar in both groups.[146] In Eisenmenger patients, 
the survival rate at 40, 50 and 60 years of age is 94%, 
74% and 52%, respectively.[147] Transplantation may 
not give a better survival, though the quality of life may 
improve. The optimal timing for transplantation remains 
very diffi cult and there is no specifi c guideline. The 
high incidence of post-transplant bronchiolitis obliterans 

syndrome remains problematic.[148]

Conclusions
Among the different forms of congenital heart diseases, 
an early correction generally prevents subsequent 
development of pulmonary arterial hypertension. 
Emerging therapies for treatment of patients with 
idiopathic PAH also improve quality of life and survival 
in neonates and children with congenital heart disease 
associated with PAH. Heart and lung transplantation 
or lung transplantation in combination with repair of 
the underlying cardiac defect is a therapeutic option in 
a minority of patients. Partial repair options are also 
benefi cial in some selected cases. Randomized controlled 
trials are needed to evaluate the safety and effi cacy 
of these therapies including survival and long-term 
outcome.
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