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Recognition of causes of pulmonary hypertension other than congenital heart disease is increasing in
children. Diagnosis and treatment of any underlying cause of pulmonary hypertension is crucial for optimal
management of pulmonary hypertension. This article discusses the available knowledge regarding several
disorders associated with pulmonary hypertension in children: idiopathic pulmonary arterial hypertension
(IPAH), pulmonary capillary hemangiomatosis, pulmonary veno-occlusive disease, hemoglobinopathies,
hepatopulmonary syndrome, portopulmonary hypertension and HIV. Three classes of drugs have been
extensively studied for the treatment of IPAH in adults: prostanoids (epoprostenol, treprostinil, iloprost,
beraprost), endothelin receptor antagonists (bosentan, sitaxsentan, ambrisentan), and phosphodiesterase
inhibitors (sildenafil, tadalafil). These medications have been used in treatment of children with pulmonary
arterial hypertension, although randomized clinical trial data is lacking. As pulmonary vasodilator therapy in
certain diseases may be associated with adverse outcomes, further study of these medications is needed
before widespread use is encouraged.
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1. Idiopathic pulmonary arterial hypertension

Idiopathic pulmonary arterial hypertension (IPAH), previously called
primary pulmonary hypertension, is a diagnosis of exclusion. The natural
history if IPAH in children is poor. Data from 1965 revealed that 22 of 35
children diagnosed with IPAH died within 1 year of diagnosis [1]. In the
NIH registry, the median untreated survival for children after diagnosis
was reported to be 10 months as opposed to 2.8 years for adults [2]. This
poor prognosis without targeted therapy was recently confirmed [3].
Advances in the understanding of the pathobiology of idiopathic
pulmonary arterial hypertension has led to new treatment therapies
and have resulted in an improvement in the prognosis for children with
IPAH [4,5]. As IPAH still has no cure, the aim of treatment is to improve
quality of life, hemodynamics, exercise capacity, and survival. Medical
management of children follows a similar algorithm to that of adults
treatedwith idiopathic pulmonaryvascular disease [6]. Childrenappear to
be more reactive to acute vasodilator testing compared with adults [7],
and may have a better long-term outcome in the current era than adults
(Fig. 1) [8].

1.1. Definition

Pulmonary arterial hypertension is defined as a mean pulmonary
arterial pressure greater than 25 mmHg at rest, with a normal pulmonary
capillary wedge pressure of less than 15 mm Hg and an increased
pulmonary vascular resistance greater than 3Wood units·m2 [9,10]. The
Venice classification scheme, established in 2003 at the Third World
Symposium on Pulmonary Arterial Hypertension is appropriate for adults
and children. This classification has recently been updated at the Dana
Point, California Fourth World Symposium on Pulmonary Arterial
Hypertension [11]. Exercise criteria have been deleted for the current
definition [10]. The diagnosis of IPAH is one of exclusion and therefore
requires a complete evaluation of all possible etiologies of associated
pulmonary arterial hypertension, left heart disease, and respiratory
disease [10,12]

1.2. Heritability

Bonemorphogenetic protein receptor type2 (BMPR2)mutationshave
been identified in children andadultswith IPAHand familial PAH [13–18].
This geneticmutation in the TGF-Beta receptor has been found in patients
with familial PAH (50%) [17] and sporadic PAH (15–26%) [18]. BMPR2
mutations are inherited as in autosomal dominant pattern with reduced
penetrance and genetic anticipation. In many families, it is the child who
presents first with severe disease, and then further evaluation of first
degree relatives reveals milder disease in the parents or grandparents
[19]. In children, BMPR2mutationshavebeen evaluatedwith inconsistent
results. Grunig found no BMPR2 mutations or deletions in 13 children
with idiopathic pulmonary arterial hypertension [16]. However, in a study
by Harrison et al., 22% of children with IPAH or pulmonary hypertension
associated with congenital heart disease had activin-like kinase type-1
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Fig. 1. Kaplan–Meier survival curve of children with idiopathic pulmonary arterial hypertension (IPAH) and associated pulmonary arterial hypertension (APAH) from the UK
Pulmonary Hypertension service from 2001–2007.
Haworth and Hislop. Heart 2009;95:312–317.
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(ALK-1) or BMPR2mutations [15]. More recently, a study by Rosenzweig
et al. evaluated whether children and adults with pulmonary arterial
hypertension had a positive response to acute vasodilator testing, and
found that BMPR2 mutation positive children appeared less likely to
respond to acute vasodilator testing thanmutation negative children [20].
These findings are similar to those by Elliott et al. who reported that IPAH
and FPAH adult patients with BMPR2mutations are less likely to respond
to acute vasodilator testing than BMPR2 mutation negative patients [21].
A study from Japan suggested that mutations of the activin receptor-like
kinase 1 gene in addition to bonemorphogenetic protein receptor II gene
may be important in the development of IPAH in children [22].

Other genetic loci may also play important roles. Studies have
shown mutations of the serotonin transporter gene in some adults
with PAH [23], and a study in children found that homozygosity for
the long variant of the serotonin transporter gene was highly
associated with idiopathic pulmonary hypertension in children [24].
Chung et al. demonstrated an association of a polymorphism in the
angiotension II type 1 receptor (AGTR1) with the age at diagnosis of
pulmonary hypertension [25]. Future genetic studies may provide
further insight regarding disease severity and age of onset in children.

1.3. Evaluation

A complete evaluation for all possible causes of PAH is required
before the diagnosis of IPAH is made. Certain diseases, such as
Fig. 2. Differences in the last observed brain natriuretic peptide (BNP) distributions betwe
cumulative survival for IPAH patients categorized with either high BNP (>180 pg/ml) or n
Bernus, A. et al. Chest 2009;135:745–751.
connective tissue disease or chronic thromboembolic pulmonary
hypertension, are less likely to be discovered in children than adults,
but still should be excluded. Cardiac catheterization is required to rule
out subtle congenital heart disease, such as pulmonary vein disease, to
determine right atrial pressure, exact pulmonary arterial pressure,
pulmonary vascular resistance, and to determine vasoreactivity to
acute vasodilator testing to target therapy. Lung biopsy is rarely
performed but may be helpful to exclude certain diseases, such as
pulmonary veno-occlusive disease, pulmonary capillary hemangio-
matosis or alveolar capillary dysplasia (see below). Furthermore, in
certain forms of interstitial lung disease, such as pulmonary
capillaritis or hypersensitivity pneumonitis, lung biopsy may be
beneficial as treatment of these disorders varies markedly from the
approach used in IPAH.

As in adults, the 6-minute walk test is feasible and has been used to
measure submaximalexercise.Unfortunately, the6 MWtesthasnotbeen
validated in children with PAH, but normal values in children have
recentlybeendescribed [26]. Childrenwithpulmonaryhypertensionhave
significant impairment in aerobic capacity, with a peak oxygen
consumption of 20.7±6.9 versus 35.5±7.4 ml/kg/min in healthy
controls (p<0.0001) [27].

Interest in biomarkers has grown in the last several years. In
adults, brain natriuretic peptide (BNP) is a useful tool to assess
mortality risk, progression of the disease and response to therapy
[28,29]. Recent studies in children have begun to identify usefulness
en survivors and nonsurvivors for IPAH patients (A). Kaplan–Meier curves estimating
ormal (<180 pg/ml).



Fig. 3. Kaplan–Meier curves for survival and treatment success in acute responders with
IPAH on calcium channel blockers (n=31). Survival rates at 1, 5, and 10 years were
97%, 97%, and 81% respectively; treatment success rates at 1, 3, 5, and 10 years were
84%, 71%, 68%, and 47%, respectively.
Yung D, et al. Circulation 2004; 110:497–503.
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of BNP or N-terminal pro brain natriuretic peptide (NT-proBNP) [30–
32]. BNP correlates positively with functional status in children with
PAH and values above 130 pg/ml are associated with increased risk of
death or need for transplantation [31]. Furthermore, change in BNP
measurements over time correlates with the change in the hemody-
namic and echocardiographic parameters of children with PAH; with
a BNP value >180 pg/ml predicting a decreased survival rate (Fig. 2).
The change in BNP level in a specific patient over time was shown to
be more helpful in determining risk or hemodynamic response to
therapy than the average BNP value in a pediatric PAH population
[30]. NT-proBNP, uric acid, or norepinephrine levels have also been
shown to correlate with outcome in children with PAH [32]. When
using a cutoff value of NT-proBNP of 1664 pg/ml, sensitivity and
specificity for predicting mortality was 100% and 94%, respectively
[32].

1.4. Conventional therapy

Conventional therapy in patients used to treat right ventricular
failure is frequently used in pulmonary arterial hypertension in
children. Digoxin is used in the presence of right ventricular failure,
although there are no clear-cut data in children [33]. Furthermore,
warfarin and other antithrombotic agents are generally recom-
mended to prevent thrombosis in situ, although data specific to the
pediatric population are lacking. In adults and children who receive
anticoagulation, low dose warfarin is frequently used to target an INR
of 1.5 to 2 [34,35]. However, in younger children, maintenance of an
adequate level is frequently difficult and toddlers may be treated with
aspirin or very low dose warfarin when benefit outweighs risk.
Diuretics are used to treat peripheral edema or ascites in the presence
of right heart failure, however, excessive diuresis should be avoided.
Careful attention to respiratory tract infections is required as this may
worsen alveolar hypoxia and routine influenza vaccination is
recommended. We advise against the use of decongestants with
pseudoephedrine or other stimulant-type medications as these have
been associated with PAH [36]. In children who require the use of oral
contraceptive agents either for prevention of pregnancy or for
regulation of menses, we recommend agents that have no estrogen
content. Pulse oximetry and polysomnography is indicated and
chronic hypoxemia or nighttime desaturation is aggressively treated.
However, oxygen therapy is not used as a mainstay of therapy in
children with normal daytime saturations. In the presence of resting
hypoxemia, chronic supplemental oxygen may be used. Approxi-
mately 5% of childrenwith idiopathic diseasemay have an elevation of
antinuclear antibodies as well as evidence of hypothyroidism or
hyperthyroidism suggesting an autoimmune association [37–39].
Furthermore, children should be screened for evidence of a hyperco-
agulable state as some may have an underlying coagulopathy such as
antiphospholipid antibody syndrome. Reversible lower airways
obstruction is the most common lung function abnormality among
pediatric patients with IPAH [40].

1.5. Vasoreactivity testing

As in adults, cardiac catheterization with acute vasodilator testing
is essential prior to selecting targeted therapy in children. Cardiac
catheterization carries a greater risk in those children with baseline
suprasystemic pulmonary arterial pressure (Odds Ratio=8.1,
p=0.02) [41,42]. As in adults, a short acting vasodilator is used,
such as inhaled nitric oxide [43–45]. Previously, patients were
considered responsive to acute vasodilator testing if there was a
20% fall in mean pulmonary artery pressure and pulmonary vascular
resistance to a vasodilator agent with no change or an increase in
cardiac output [44]. Based on studies by Sitbon, more stringent criteria
for defining acute vasoreactivity in adults have been established, with
the fall in mean pulmonary artery pressure greater than 10 mmHg to
less than 40 mmHg to predict long-term response to calcium channel
blocker therapy [46]. Although the more strict criteria are frequently
used in children, this has not been adequately studied in this
population. Recent data have shown that 7% of children with IPAH
and 6% of those with APAH are responders to acute vasodilator testing
[8,47].

1.6. Targeted pharmacological therapy of PAH

Based on knownmechanisms of action, three classes of drugs have
been extensively studied for the treatment of IPAH in adults:
prostanoids (epoprostenol, treprostinil, iloprost, beraprost), endothe-
lin receptor antagonists (bosentan, sitaxsentan, ambrisentan), and
phosphodiesterase inhibitors (sildenafil, tadalafil).

1.7. Calcium channel blockers

Unless apatient is acutely robustly responsive to inhalednitric oxideor
other selective pulmonary vasodilators, the use of calcium channel
antagonists to evaluate vasoreactivity is dangerous, as these drugs can
cause a decrease in cardiac output or a marked drop in systemic blood
pressure [5]. Consequently, elevated right atrial pressure and low cardiac
outputarecontraindications toacuteor chronic calciumchannelblockade.

Our preference is to perform an acute trial of calcium channel blocker
therapy only in those patients who are acutely responsive to either nitric
oxide, prostacyclin or inhaled prostanoids. Likewise, patients who do not
have an acute vasodilatory response to short acting agents and who are
then placed on calcium channel blocker therapy are unlikely to benefit
from this form of therapy [44]. Recent study examined a previously
identified cohort of 77 children diagnosed between 1982 and 1995 with
IPAH and followed up through 2002. For acute responders treated with
CCB (n=31), survival at 1, 5, and 10 years was 97%, 97%, and 81%,
respectively; treatment success was 84%, 68%, and 47%, respectively
(Fig. 3) [48]. Sixty to eighty percent of children with severe pulmonary
hypertension are non-responsive to acute vasodilator testing, and
therefore require therapy other than calcium channel antagonists.
Children and adults treated with calcium channel blockers may lose this
response over timeandmust bemonitored carefully for sustained efficacy
[44,48].

1.8. Prostacyclins

Adults with IPAH and children with congenital heart disease
demonstrate an imbalance in the biosynthesis of thromboxane A2 and
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prostacyclin favoring vasoconstriction and platelet aggregation [49,50].
Likewise, adults and children with severe pulmonary hypertension
show diminished prostacyclin synthase expression in the lung vascu-
lature [51]. Prostacyclin administered over the long term, utilizing
intravenous epoprostenol, has shown to improve survival and quality of
life in adults and children with idiopathic pulmonary arterial hyper-
tension, even if not acutely reactive to postacyclin or other pulmonary
vasodilators [44,48,52–54].

Prostacyclin and prostacyclin analogues enhance the cyclic-AMP
pathway to increase pulmonary vasodilation. Intravenous epoprostenol-
prostacyclin was first used in the 1980s and continues to be the gold
standard for treatment of severe disease . The treatment of patients with
epoprostenol is beneficial; however the therapy is cumbersomedue to the
delivery system and short half-life. Epoprostenol must be infused 24 h/
day via a central venous catheter andkept coldwith ice packs; thehalf-life
of the drug is 2–5 min placing the patient at risk for an acute pulmonary
hypertensive crisis if there is an accidental discontinuation of the
medication. In addition, the side effects of the drug include nausea,
diarrhea, jaw pain, bone pain and headaches. Epoprostenol was FDA
approved in 1995. In a recent study, 77 children diagnosed between 1982
and 1995with idiopathic pulmonary arterial hypertensionwere followed
up through 2002. Survival for all children treated with epoprostenol
(n=35) at 1, 5, and 10 years was 94%, 81%, and 61%, respectively, while
treatment successwas 83%, 57%, and37%, respectively (Fig. 4) [48]. Due to
the development of tolerance, the dose of intravenous epoprostenol is
incrementally increased and is usually higher in children than adults. The
mean dose in young children ranges anywhere from 30 to 90 ng/kg/min
but may be higher.

The prostacyclin analogue, treprostinil was approved by the FDA,
initially for subcutaneous use (2002), and more recently for intravenous
(2004) and inhaled (2009) administration. While subcutaneous trepros-
tinil allowspatients to remain free of central venous catheters, it can cause
severe pain at the infusion site. Recent data has shown long-term efficacy
in adults with PAH [55], but it has not been well studied in children.
Treprostinil has also been given in the intravenous form [56,57].
Intravenous treprostinil still requires central line access and continuous
infusion, but is easier for families to mix, may be used at room
temperature, and has a half-life of four hours. Intravenous treprostinil
has fewer side effects than intravenous epoprostenol, but there are no
studies comparingefficacy [57]. Somestudieshave suggestedahigher rate
of bacteremia in children and adults treatedwith intravenous treprostinil
[58], but this may be decreased by protecting catheter connections and
avoiding water on any connection [59,60]. Treprostinil is also being
studied in an inhaled form [61] andwas FDA approved for adults in 2009.
Fig. 4. Kaplan–Meier curves for survival and treatment success in all patients with IPAH
who received epoprostenol (n=37). Survival rates at 1, 3, 5, and 10 years were 94, 88%,
81%, and 61% respectively; treatment success rates at 1, 3, 5, and 10 years were 83%,
65%, 57%, and 37%, respectively.
Yung D, et al. Circulation 2004; 110:497–503.
An inhaled prostacyclin analogue, iloprost, received approval for
the treatment of PAH in adults in the United States in December 2004.
This medication is administered by nebulization 6–9 times a day.
Iloprost has been shown to improve hemodynamics and exercise
capacity. Iloprost requires patient cooperation with the treatment
administration lasting 10–15 min [62–64], which is difficult for young
children [65]. The advantage of an inhaled prostacyclin is that it can
cause selective pulmonary vasodilation without affecting systemic
blood pressure. In the acute setting, inhaled iloprost lowers mean
pulmonary artery pressure and improves systemic oxygen saturation
[66]. In a select patient population, inhaled iloprost may benefit
children as add on therapy or to replace intravenous therapy in
children with repeated central line infections. However, some
childrenmay develop reactive airways obstruction limiting usefulness
of this therapy. Inhaled iloprost has also been studied in combination
with bosentan and sildenafil, among others [63]. In some cases,
intravenous iloprost has been studied with beneficial effects but this
form has not received US authority approval [67–69].

Beraprost is an orally active prostacyclin analogue with a half-life
of 35–40 min. While beneficial effects have been noted in short term
trials [69], these may be attenuated with prolonged treatment [6,70].
Beraprost is not currently available in North America.

1.9. Endothelin receptor antagonists

Another target for treatment of pulmonary hypertension is the
vasoconstrictor peptide endothelin (ET) [71,72]. The endothelins are a
family of isopeptides consisting of ET-1, ET-2, and ET-3. ET-1 is a potent
vasoactive peptide produced primarily in the vascular endothelial cell, but
alsomaybeproducedby smoothmuscle cells. Two receptor subtypes, ETA
and ETB, mediate the activity of ET-1. ETA and ETB receptors on vascular
smooth muscle mediate vasoconstriction, whereas ETB receptors on
endothelial cells cause release of nitric oxide (NO) and prostacyclin
(PGI2), and act as clearance receptors for circulating ET-1. ET-1 expression
is increased in the pulmonary arteries of patients with pulmonary
hypertension.

Bosentan, a dual ET receptor antagonist, lowers pulmonary artery
pressure and resistance, and improves exercise tolerance in adults with
pulmonary arterial hypertension [71]. Bosentan has been approved since
2001 for the treatment of WHO functional Class III and IV patients over
12 years of age, and has recently shown beneficial effects in Class II
patients [73]. These results havebeenextrapolated to children [53,74–77].
In BREATHE-3, treatmentwith bosentan resulted in an increase in cardiac
index of 0.5 l/min/m2, a decrease in mean pulmonary artery pressure of
8 mmHg and a decrease in pulmonary vascular resistance index of 3.8
Woodunits·m2after12 weeks [74]. In this study, thedosing regimenafter
up titration of 31.25 mg bid was used for patients weighing 10–20 kg,
62.5 mg bid for those weighing 20–40 kg and 125 mg bid for those
weighing >40 kg. Risks associated with endothelin receptor antagonist
therapy include dose-related hepatotoxicity, teratogenicity and perhaps
male infertility [74]. Bosentan therapy added on to epoprostenol in
children allowed for a decrease in epoprostenol dose and its associated
side effects [53]. A more recent retrospective study of 86 children on
bosentan for a median exposure of 14 months with and without
concomitant therapy found that bosentan as part of an overall treatment
strategy provided a sustained clinical and hemodynamic improvement
was overall well tolerated, and two year survival estimates were 91%. In
this study, 90% improvedor remainedunchanged inWHOFCaftermedian
treatment duration of 14 months [75]. Comparable results were reported
by Maiya et al., except that in IPAH stabilization was achieved in 95% but
combined therapywith epoprostenol was necessary in 60% [76]. Elevated
hepatic aminotransferase levels occur in approximately 12% of adults
treated with bosentan but were only 3.5% in children [75]. Recently, a
European, prospective, noninterventional, internet-based post marketing
surveillance databasewas evaluated. Pediatric patients (aged 2–11 years)
were compared with patients over 12 years of age. Over a 30-month
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period, 4994 patients, including 146 bosentan-naive pediatric patients,
were captured in the database. PAH was idiopathic in 40% and related to
congenital heart disease in 45%. The median exposure to bosentan was
29.1 weeks, and elevated aminotransferases were reported in 2.7% of
children fewer than 12 years of age versus 7.8% in older patients. The
discontinuation rate was 14.4% in children versus 28.1% in patients over
12 years [77].

Selective ETA receptor blockade has also been studied using
ambrisentan or sitaxsentan, ET receptor antagonists with high oral
bioavailability and a long duration of action, and high specificity for the
ETA receptor. Selective ETA receptor blockade may benefit patients with
pulmonary arterial hypertensionbyblocking the vasoconstrictor effects of
ETA receptors while maintaining the vasodilator/clearance functions of
ETB receptors. Sitaxsentan given orally for 12 weeks improved exercise
capacity and cardiopulmonary hemodynamics in patients with pulmo-
nary arterial hypertension that was idiopathic, or related to connective
tissue or congenital heart disease [78,79]. Ambrisentan, an endothelin
receptor antagonist that is selective for the endothelin type-A (ETA)
receptor was approved by the U.S. FDA in June 2007. Adults showed
significant improvements in 6-minutewalk distance and significant delay
in clinical worsening on ambrisentan. The incidence of elevated hepatic
aminotransferase levels was 2.8% [80]. There is no data on use of selective
ETA receptor blockade in children.
1.10. Phosphodiesterase-5 inhibitors

In models of PAH, phosphodiesterase-5 activity is increased and
protein is localized to vascular smooth muscle [81]. Specific phosphodi-
esterase-5 inhibitors, such as sildenafil [8,73,82–88], promote an increase
incGMP levelsand thuspromotepulmonaryvasodilationandremodeling.
Sildenafil is as effective a pulmonary vasodilator as inhaled NO [85] and
may potentiate the effects of inhaled NO [89–92]. In certain settings,
intravenous sildenafil may worsen oxygenation [92,93]. However,
sildenafil has been shown to prevent rebound PAH on withdrawal from
inhaled NO [94,95]. Addition of sildenafil to long-term intravenous
epoprostenol therapy in adults with PAH has been shown to be beneficial
[73].

Sildenafil has been approved for the treatment of WHO functional
class II–IV PAH adult patients [84–87]; the data in children remain
limited. Studies examining the use of oral phosphodiesterase-5
inhibitors in children are ongoing [8,82,83,96,97]. Although no formal
dose-response study has been performed, the doses generally used
are 0.5–1 mg/kg/dose given three to four times a day with some
children requiring even higher doses. The principle side effects
include hyperactivity, muscle pain, rare erections and systemic
Fig. 5. Chest X-ray of a patient with pulmonary veno-occlusive disease showing the
presence of Kerley B lines (A). Axial computed tomographic (CT) image reveals
widespread septal lines (arrowheads) and diffuse, ill-defined ground-glass nodules
(arrows) and geographic ground-glass opacities.
Frazier, A.A. et al. Radiographics 2007; 27:867–882.
hypotension. Results of a large randomized placebo controlled
pediatric trial are expected in 2009.

Tadalalfil, another selective phosphodiesterase type 5 inhibitor, has a
longer duration of action, and was recently approved by the FDA in 2009
for adults with PAH. In adults with severe PAH, tadalafil has been used in
addition to prostacyclin with some improvement [98–101]. No data are
available in children.

1.11. Atrial septostomy and potts shunt for refractory PAH

The general indications for atrial septostomy include pulmonary
hypertension with syncope, intractable heart failure refractory to
chronic vasodilator treatment [102–105] and symptomatic low
cardiac output states. Risks associated with this procedure include
worsening of hypoxemia with resultant right ventricular ischemia,
worsening right ventricular failure, increased left atrial pressure, and
pulmonary edema. We favor a graded balloon dilation approach
utilizing intracardiac echo and saturation monitoring to determine
adequacy of shunt. We have frequently used a cutting balloon with
the initial inflation followed by static balloon dilations. Recently, a
Potts anastamosis with connection of the left pulmonary artery to
descending aorta, has been attempted to allow a direct shunt allowing
an immediate reduction in right ventricular afterload, but this has
rarely been performed [106].

2. Pulmonary capillary hemangiomatosis and pulmonary veno-
occlusive disease

Pulmonary capillary hemangiomatosis (PCH) and pulmonary veno-
occlusive disease (PVOD) both are characterized by precapillary pulmo-
nary arterial hypertension and are included in WHO group 1 [107–111].
However, these disorders differ in that treatment of these disorders may
differ from many of the other WHO group 1 diagnoses, and thus are in a
separate category in the new WHO classification. In particular, vasodila-
tors may worsen pulmonary edema in PCH and PVOD [112,113].
Furthermore, these two disorders may be difficult to diagnose and are
frequently found at autopsy [114,115]. Both PVOD and PCH are
characterized by widespread vascular obstruction at either the alveolar
capillary bed (PCH) or the pulmonary venules and small veins (PVOD)
[116–118]. Treatment of either PVOD or PCH has been frequently
unsuccessful and may require lung or heart lung transplantation. In
both disorders the definitive diagnosis is usually made by surgical lung
biopsy. Clues to the diagnosis of PVOD and PCH may lie in underlying
pulmonary edemaonchestX-ray and thesefindingsmayworsenwith the
initiation of either oxygen or inhaled nitric oxide [111,119]. Characteristic
findings may be seen on a chest CT scan and include central pulmonary
Fig. 6. Chest X-ray of a patient with pulmonary capillary hemangiomatosis showing the
widespread nodular opacities (A). Axial computed tomographic (CT) image reveals
well-circumscribed ground-glass nodules (arrowheads) and no septal lines.
Frazier, A.A. et al. Radiographics 2007; 27:867–882.
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arteryprominencewithwidespread interlobular septa in the caseofPVOD
as well as ground-glass opacities (Fig. 5). While, in PCH, the chest X-ray
demonstrates enlarged central pulmonary arteries as well as a reticulo-
nodular or micronodular areas of opacity which may be seen on chest X-
ray but are more prominent on the chest CT [116,117,120] (Fig. 6).
Likewise, in both of these disorders pulmonary arteriograms may appear
normal, particularly if the PVOD is microvascular in nature and not
associated with larger vessel pulmonary vein disease. However, PVOD is
rare in the spectrum of pulmonary vein abnormalities usually seen in
children. Inbothdisorders, pulmonaryarterypressure is elevatedandmay
be suprasystemic in patients with PVOD. Likewise, the pulmonary
capillary wedge pressure is frequently normal in both disorders.

Clinical experience has shown that potent vasodilators (including
continuous intravenous prostacyclin and calcium channel blockers)
induce florid and even fatal pulmonary edema in patients with either
PVOD or PCH [115]. If the pulmonary muscular arteries and arterioles
are dilated and yet the pulmonary vein resistance remains fixed, the
increased transcapillary hydrostatic pressure leads to transudation of
fluid into the lung parenchyma [115]. To exclude unsuspected
radiologic evidence of PVOD or PCH, it is currently suggested that
patients with presumed IPAH should undergo a high-resolution CT
examination before initiation of vasodilator therapy [115]. Therapy
for these disorders is limited and is not uniformly effective. Lung
transplantation is the only curative option. However, trials of
anticoagulation and steroids have been attempted in children with
PVOD with mixed results. Due to the findings of myofibroblasts seen
in patients with pulmonary vein disorders investigators have
attempted use of chemotherapeutic agents with mixed results [121].
In general vasodilator therapy is unsuccessful, frequently contra-
indicated, and may worsen the patient status [111]. In the case of PCH
Fig. 7. Pathogenesis and therapeutic targets in hemolysis-associated pulmonary hypertensi
reacts with and destroys endothelial-derived nitric oxide (NO). Arginase is also released from
formation from arginine. Xanthine oxidase bound to endothelium produces superoxide, whi
adhesion molecules (VCAMs), activation of endothlin-1, a potent vasoconstrictor, and activa
shown on the outside of the blood vessel. Lin, E. E. et al. Haematologica 2005; 90:44
haematologica.org.
experimental therapies have included alpha interferon [122], doxy-
cycline [123], or possibly PDGF antagonists [124]. However, there are
no large scale reports of successful treatment.

3. Hemoglobinopathies

Pulmonaryhypertensionisaknowncomplicationofmanyhereditary
hemolytic anemias including sickle cell disease, thalassemia, and
spherocytosis [125–128]. Echocardiographic studieshaveestimatedan
incidenceof PAH in20–30%of patientswith sickle cell disease screened
[127,129].Furthermore,recentstudieshaveshownthatupto75%ofsickle
cell disease patients may have physiological evidence of pulmonary
hypertensionatthetimeofdeath.Gladwinetal.studied195patientswith
pulmonary arterial hypertension and found a 32% prevalence of
pulmonary hypertension [127]. Themortality of thosewith pulmonary
hypertension was 40% at 45 months whereas mortality was only 2% at
45 months in those without pulmonary arterial hypertension.
Pulmonary hypertension was defined as a tricuspid regurgitation
velocityofgreaterthan2.5 m/s.Thusamildelevationofrightventricular
systolicpressurecarriedagreaterthantenfoldriskofdeathinadultswith
pulmonaryhypertension.Data inchildrenare lackingbutrecentstudies
have begun to evaluate the prevalence and risk factors for pulmonary
hypertension [5,129–137].

In a study by Pashshankar, screening echocardiograms were
performed in children over 6 years of age with homozygous ss or
thalassemia [129]. When using a definition of pulmonary hyper-
tension as a pulmonary artery systolic pressure greater than
30 mmHg, corresponding to a peak of tricuspid regurgitation
velocity greater than or equal to 2.5 m/s, 30% of patients had
elevated tricuspid regurgitation jet velocity greater than or equal to
on and vasculopathy. Intravascular hemolysis releases hemoglobin into plasma, which
the red cell into plasma during hemolysis and degrades arginine, further reducing NO

ch also inhibits NO. Reduced NO bioavailability promotes vasoconstriction, activation of
tion of platelets and thrombosis. A number of therapies that target these pathways are
1–444. Obtained from Haematologica/the Hematology Journal website http://www.

http://www.haematologica.org
http://www.haematologica.org


Fig. 8. Lung histology of a child who died with portopulmonary hypertension while on
intravenous prostacyclin therapy, showing a plexiform lesion. A dilated arteriole
(arrow) sits adjacent to a developing plexiform lesion. Partial organization of
thrombotic material has occurred leading to formation of slit like vascular spaces.
Focal unorganized thrombus remains (arrowhead).
Condino, A. A. et al. J Pediatr 2005; 147:20–26.
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2.5 m/s. Furthermore, 1/3 of these patients had tricuspid regurgi-
tation greater than 3 m/s. Almost all patients with an elevated
tricuspid regurgitation jet velocity had hemoglobin homozygous ss
disease. Factors associated with elevated pulmonary artery pres-
sure included: a high reticulocyte count, low oxygen saturation,
and a high platelet count. Interestingly, acute chest syndrome,
hydroxyurea therapy, blood transfusion, stroke, hemoglobin and
bilirubin levels between patients with and without pulmonary
arterial pressures were not different. Furthermore, in patients with
an elevated tricuspid regurgitation velocity, transcranial Doppler
examinations were normal [129]. Further study by Pashankar et al.
followed patients with echocardiographic evidence of pulmonary
arterial hypertension [132]. Those with a tricuspid regurgitation
velocity greater than 3 m/s were offered treatment with hydroxy-
urea; a normalization of tricuspid regurgitation velocity was seen
in 8 of 19 patients treated with hydroxyurea.

In children as well as adults with sickle cell disease, pulmonary
hypertension is likely due to multifactorial causes such as left
ventricular diastolic dysfunction or thromboembolic disease due to
hypercoagulability [138,139]. Importantly, intravascular hemolysis
may lead to release of hemoglobin which reacts with and destroys
nitric oxide [140] (Fig. 7). Likewise, arginase released from the
erythrocyte degrades arginine and thus further reduces nitric oxide
formation through arginine [134,141]. Xanthine oxidasemay also lead
to a decrease in nitric oxide. This reduced nitric oxide bioavailability
leads to a cascade of other events which further exacerbates
pulmonary hypertension and includes an increase in endothelin, an
increase in activation of adhesion molecules, and platelet activation
[142,143]. Due to abnormalities of nitric oxide, sildenafil is being
studied as a potential therapy for treatment of PAH associated with
sickle cell disease [133,144,145]. However, caution is needed. The
National Heart, Lung, and Blood Institute of the National Institutes of
Health stopped a recent clinical trial testing sildenafil treatment for
pulmonary hypertension in adults with sickle cell disease nearly
1 year early due to safety concerns. Compared to participants on
placebo, participants taking sildenafil were significantly more likely to
have serious medical problems, such as sickle cell crises (NIH News,
July 28, 2009). Further studies in children are required to determine
risk factors, an appropriate screening regimen, and therapy.

4. Hepatopulmonary syndrome and portopulmonary
hypertension

Hepatopulmonary syndrome (HPS) and portopulmonary hyper-
tension (PPHTN) are distinct pulmonary vascular complications of
hepatic and extrahepatic portal hypertension [146]. HPS is defined as
dilated pulmonary capillaries and precapillary arteriovenous mal-
formations resulting in intrapulmonary vascular shunting, ventila-
tion–perfusion mismatching and chronic hypoxemia in the setting of
liver disease or portal hypertension. PPHTN is defined as pulmonary
artery hypertension with an elevated mean pulmonary artery
pressure and increased pulmonary vascular resistance caused by a
pulmonary arteriopathy in the setting of portal hypertension and in
the absence of underlying cardiopulmonary disease [146–149].
PPHTN and HPS are estimated to occur in 2–10% and 4–29%,
respectively, of adults with cirrhosis [147]. Both PPHTN and HPS are
associated with increased morbidity and mortality and are significant
risk factors for orthotopic liver transplantation (OLT) [150–153].
However, resolution of both disorders is possible after successful OLT
[152,154]. PPHTN and HPS have been reported in children with portal
hypertension from both cirrhosis and from congenital or acquired
portal vein abnormalities; however, the incidence of these complica-
tions in children is unknown [155–159].

The pathogenesis of PPHTN and HPS remains unknown. Proposed
theories suggest these disorders result from a combination of hyper
dynamic circulation, increased cardiac output, sheer injury to vascular
walls and an imbalance of circulating vasoactive peptides [160]. Abnormal
hepatic synthesisof vasoactivepeptides, suchasendothelin-1, or impaired
hepatic metabolism of intestinally derived endotoxins, cytokines and
neurohormones may result in these substances reaching the pulmonary
vascular bed via portosystemic shunting, directly altering vessel tone or
leading to pulmonary vascular inflammation and remodeling. The
resulting pathology is strikingly different in these two disorders with
vasodilation of pulmonary arterioles and capillaries causing arteriovenous
shunting in HPS and intimal fibrosis with endothelial and smoothmuscle
cell proliferation leading to increased pulmonary vascular resistance in
PPHTN (Fig. 8).

Patients with elevated right ventricular systolic pressure by ECHO
should undergo confirmatory right heart catheterization [151,152]. In
children, a dilated pulmonary artery on CXR and loud second heart
sound are suggestive of pulmonary hypertension, whereas the EKG is
not uniformly abnormal [161]. In children the initial clinical
presentation is subtle with the initial presentation rarely being
death from a pulmonary hypertensive crisis [155].

PPHTN is frequently resistant to many first line medications. If the
diagnosis of PPHTN is made early prior to the development of
irreversible pulmonary vasculopathy, then liver transplantation can be
successfully performed and may reverse the process of PPHTN. Similar
to adults, few patients with PPHTN respond to calcium channel blocker
therapy. In more severe cases treatment with epoprostenol is used, in
addition to other targeted PAH agents [162–167].
5. Human immunodeficiency virus (HIV)

Since the first description by Kim et al. [168] the association
between pulmonary arterial hypertension and HIV infection has been
well established; there are multiple reports for adult patients [169–
171] whereas little is known about the incidence, clinical outcome and
therapy options for children [172,173]. The average age of patients of
patients presenting with HIV-PAH is 33 years (range 2 to 56 years)
[174] with a male-to-female ratio of about 1.5:1 [175]. The incidence
of PAH in adults with HIV is approximately 0.5% [170] whereas the
results from the National Registry in France suggested that HIV was
the cause for PAH in about 6.2% [176]. Most children with HIV are
infected in the perinatal period [177–179]. Pongprot et al. detected
pulmonary hypertension in 41% of their highly selected cohort of HIV-
infected children [173].

Changes in the lung are characterized by the typical plexiform
lesions (78%) intimal fibrosis without plexiform lesions (7%) and
medial hypertrophy (11%) [174] in addition to inflammation
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surrounding the hypertrophic vasa vasorum in the pulmonary arteries
of HIV-infected children [180].

The pathogenesis of HIV-PAH is not completely understood. HIV-
PAH has been reported without a history of thromboembolic disease,
intravenous drug use, or pulmonary infections [181,182] and HIV or
its proteins have not been detected the vascular endothelium of the
lungs. It has been hypothesized that the HIV infectionmay damage the
cells by stimulating the host to release proinflammatory cytokines,
growth factors or endothelin 1 that would result in PAH
[181,183,184].

The prognosis of HIV-PAH is limited but seems to improve in adults
with highly active antiretroviral therapy (HAART). However, the
efficacy of HAART in patients with HIV related PAH in general and, in
the pediatric population more specifically, is still uncertain [171,185].

Treatment options are similar to other forms of PAH. Opravil et al.
reported disappointing results for patients with HIV-PAH treated with
calcium channel blockers [186]. In addition, co administration of the
antiretroviral agents ritonavir and indinavir may increase the plasma
concentrations of calcium channel blockers [187]. There are a few case
reports about treatment with the phosphodiesterase V inhibitor
sildenafil [188–190]. Recently Degano et al. reported on the long-term
benefits of bosentan therapywith improvements in symptoms, exercise
capacity, hemodynamics and favorable overall survival [191]. Similar
results were seen with the use of intravenous epoprostenol [192].

Currently there is no consensus for routine PAH screening of HIV-
infected individuals. Hsue et al. advised against the screening as the
clinical implications of “preclinical” PAH amongst HIV-infected
persons are unknown [193]

6. Summary

Recognition of causes of pulmonary hypertension other than
congenital heart disease is increasing in children. A complete
evaluation for all possible causes of PAH is required before the
diagnosis of IPAH is made. Cardiac catheterization is required to
rule out subtle congenital heart disease and to guide therapy.
Although lung biopsy is rarely indicated, in select diseases, such as
pulmonary veno-occlusive disease or pulmonary capillary heman-
giomatosis, biopsy is important to determine the etiology of PH as
use of vasodilator therapy may be detrimental in these disorders.
Three classes of drugs have been extensively studied for the
treatment of IPAH in adults: prostanoids (epoprostenol, treprosti-
nil, iloprost, beraprost), endothelin receptor antagonists (bosen-
tan, sitaxsentan, ambrisentan), and phosphodiesterase inhibitors
(sildenafil, tadalafil). These medications have been used in
treatment of pulmonary hypertension in children with pulmonary
arterial hypertension caused by various disorders, although
randomized clinical trial data is lacking. Use of these medications
requires caution as treatment may lead to other morbidities, as
seen in more frequent sickle cell crises in a recent NIH trial of
sildenafil in adult sickle cell disease. Further study of these
medications in PAH associated with other disorders is needed
before widespread use is encouraged.
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