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Advances in themanagement of congenital heart disease (CHD) in children have resulted in growing numbers of
adults with CHD. Pulmonary arterial hypertension related to CHD (PAH-CHD) is a common complication, affect-
ing up to 10% of patients; and can arise even after successful and complete defect repair, with severe and poten-
tially fatal consequences. Careful work-up in these patients is essential, particularly hemodynamic assessment,
and can help define the most appropriate therapeutic approach. Management can be challenging, but the thera-
peutic armamentarium is continually expanding and now includes surgical, transcatheter and medical options.
Timely correction of defects along with early treatment with advanced medical therapies appears to improve
quality of life and possible even improve survival. Interestingly most studies of PAH-CHD have focused on its
most severely afflicted patients, those with Eisenmenger Syndrome, making it less certain how to manage
PAH-CHD of milder degrees. This review summarizes our current understanding of PAH-CHD and emphasizes
the need for close follow-up in specialized centers of care where close collaboration is common practice.
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Nearly 1% of all neonates are born with congenital heart disease
(CHD), making it the most common inborn defect.1 Recent advances
in screening and interventional techniques have significantly boosted
the proportion of children with heart defects surviving and thriving
into adulthood, with numbers approaching –90% over the last two
decades.2 Unfortunately most adults with CHD (ACHD) remain at risk
of long-term sequelae and thus benefit from lifelong specialist care
and possibly future interventions. Pulmonary arterial hypertension
(PAH) is one of the more common complications seen in adults with
CHD, having an incidence of approximately 3 to 10%.3–5 In unrepaired
CHD, PAH occurs in up to 30% of patients,6 with nearly half of them
progressing to Eisenmenger syndrome (ES), characterized by right to
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left shunting with consequent cyanosis and profound functional
limitation.7 Despite the compelling improvement in pediatric CHD
care and the consequent decline in the prevalence of ES, the overall pop-
ulation of adults with PAH related to CHD (henceforth referred to as
PAH-CHD) appears to be increasing.

PAH-CHD can result from any heart defect or palliative procedure
that increases exposure to pressure and/or volume overload in the pul-
monary circulation. It can develop at any point throughout the life of the
patient; however, timing is usually influenced by the size and location of
the defect and whether or when previous intervention has been per-
formed. When PAH-CHD develops, it leads to an increase in morbidity,
mortality, and healthcare spending.8 It is therefore of utmost impor-
tance to identify and treat these patients in a timely manner. In this
paper we will provide an up-to-date overview of PAH-CHD, including
recent classification guidelines and relevant diagnostic and therapeutic
considerations that target the various aspects of the disease.

Definition and classification of PAH-CHD

In general, pulmonary hypertension (PH) is defined as a mean pul-
monary artery (PA) pressure (PAP) ≥25 mm Hg at rest. The World
Health Organization (WHO) has classified PH into five groups based
upon respective pathologies and potential therapeutic approaches. Ac-
cording to this classification, PAH-CHD falls under Group 1 together
with idiopathic PAH, familial PAH and PAH associated with other condi-
tions (such as connective tissue disease andHIV infection). This group is
characterized by pulmonary capillarywedge pressure or left ventricular
(LV) end-diastolic pressure ≤15 mm Hg and pulmonary vascular resis-
tance (PVR) N3 Wood units. Despite significant overlap with the other
types of PAH in terms of pulmonary pathology, PAH-CHD has key differ-
ences in pathophysiology as well as clinical outcomes. This stems from
the fact that CHD is not a single entity, but rather a spectrum of diseases
that vary widely based upon cardiac anatomy, type of previous inter-
ventions and associated comorbidities.

PAH-CHD is itself further described by two classification systems,
clinical and anatomic-pathophysiologic, which are summarized in
Table 1. The clinical classification system divides patients into four
groups based upon the direction of blood flow through the defect, the
size of the defect and history of corrective surgery(ies):

• GroupA consists of patientswith ES, inwhomPAP have increased to
systemic levels causing a reversal of shunt from left-to-right to
Table 1
Comparison of 2 classification systems for describing PAH-CHD. ASD, atrial septal defect;
PAH-CHD, pulmonary arterial hypertension associated with congenital heart disease;
PAPVR, partial anomalous pulmonary venous return; PDA, patent ductus arteriosus;
VSD, ventricular septal defect.

Classification Systems for PAH-CHD

Clinical Anatomic-Physiologic

Group A: Eisenmenger syndrome

- Cardiac defects with initial left-to-right shunts that
have reversed into right-to-left or bidirectional

- Cyanosis at rest

Pre-tricuspid shunts

- ASD
- PAPVR

Group B: Systemic to pulmonary shunts that are
moderate-to-large in size

- No cyanosis at rest

Post-tricuspid shunts

- VSD
- PDA

Group C: PAH with small or coincidental defects

- ASD b 2 cm or VSD b 1 cm

Complex defects

- Atrioventricular
septal defects

- Single ventricle
physiology

- Combined shunts

Group D: PAH persisting or developing after closure

- No residual shunting
right-to-left or bidirectional. It is the most extreme form of PAH-
CHD with the highest PVR. Cyanosis is an important hallmark of
this disease, which impacts multiple organ systems. This explains,
at least in part, the significant morbidity and mortality seen in this
patient population.9–11

• Group B includes patients with systemic to pulmonary (left to right)
shunts that are moderate-to-large in size. PVR is mildly to moder-
ately elevated, but not enough to result in shunt reversal. These
patients are therefore not cyanotic at rest.

• Group C includes patients with small or coincidental defects, usually
a ventricular septal defect (VSD) b1 cm or an atrial septal defect
(ASD) b2 cm of effective diameter as measured by echocardiogra-
phy. The marked increase in PVR seen in many of these patients
appears due to an intrinsic predisposition of the pulmonary bed to-
ward vascular dysfunction that is unrelated to the shunt lesion.
Indeed, the clinical picture of these patients is very similar to
idiopathic PAH, but with the advantage of having a ‘relief valve’
protecting the right ventricle (RV) from the detrimental effects of
chronically elevated afterload. Hence, repair of these defects is
often contraindicated, particularly when PAH is advanced and
long-standing.12

• Group D includes the growing population of patients in whom PAH
persists or develops after corrective cardiac surgery. Since the defect
(s) have been corrected, the RV lacks a ‘relief valve’ and therefore
the clinical presentation of these patients tends to be more severe
and rapidly progressive, depending on the degree of PVR
elevation.13

The anatomic-physiologic classification system, on the other hand,
divides patients into 3 groups according to the location of the defect:
those with pre-tricuspid shunts such as atrial septal defect (ASD) and
partial anomalous pulmonary venous return, those with post-tricuspid
shunts such as ventricular septal defect (VSD) and patent ductus
arteriosus (PDA) and those with complex defects such as atrioventricu-
lar septal defects, single ventricular physiology and combined shunts.
While both classification systems currently remain in clinical use, the
anatomic-physiologic classification appears to be better at predicting
clinical outcome.14 It is worth mentioning that many patients with
CHD have lesions that result in elevated left-sided filling pressures.
These often reflect back to the pulmonary circulation and can result in
pulmonary venous hypertension (WHO Group 2 PH). The treatment of
such patients should mainly be focused on correcting the underlying
heart defect and reducing the left-sided pressures through pharmaco-
logical or mechanical means.
Pathophysiology

PAH-CHD, like its counterparts in Group 1 of theWHO classification,
is a disease of progressive vascular remodeling with resultant increase
in PVR. Within PAH-CHD, the mechanism of damage to the pulmonary
vasculature differs between pre-tricuspid valve (TV) and post-TV de-
fects. While the degree and duration of volume overload appears to be
the main determinant of vascular injury in patients with pre-tricuspid
defects, high pressure shear forces play an important role in those
with post-TV defects. Hence, with pre-TV defects, the pulmonary vascu-
lature is usually able to accommodate increases in volume by
vasodilating and recruiting previously under-perfused vessels until
late in the disease process. This explains why PA pressures do not typi-
cally rise to significant levels in most patients with ASD until adult life
and why these patients rarely progress to ES.15 On the other hand, pa-
tients with large, non-restrictive post-TV shunts tend to develop severe
PAH early. The combined effect of volume overload and shear forces sig-
nificantly elevates the PVR; and without treatment the left to right
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shunt progressively decreases and eventually reverses, resulting in
right-to-left flow and consequent hypoxemia.15,16

The mechanism by which pulmonary vascular remodeling occurs is
thought to begin with endothelial injury. Injured endothelial cells in
patients with CHD release factors that contribute to PAH such as
endothelin, a potent vasoconstrictor and stimulant of vascular smooth
muscle cell proliferation, and thromboxane B2, which causes platelet
activation and constriction of pulmonary arterioles.17,18 Other mole-
cules released include fibroblast growth factor and transforming growth
factor-β, both of which induce smooth muscle cell hypertrophy and
proliferation.19 Simultaneously there is a decrease in production and
release of potent pulmonary vasodilators by the injured endothelial
cells, most important of which are prostacyclin and nitric oxide.20 The
end result is a shift in the balance toward vasoconstricting factors,
which eventually leads to progressive narrowing of the pulmonary
vasculature and consequent PVR elevation.

Approach to patient diagnosis and evaluation

PAH should be suspected in patients with CHD who have any of the
following: decline in functional status, signs and symptoms of right-
heart failure such as jugular venous distention, hepatic congestion and
lower extremity edema, cyanosis in the context of anunrepaired cardiac
shunt or syncope. Suchpatients should undergo a comprehensivework-
up including a thorough history and physical exam, laboratory testing, a
chest radiograph, an electrocardiogram and, most importantly of all,
diagnostic cardiovascular imaging.2 Table 2 lists the various compo-
nents of the initial diagnostic evaluation of PAH-CHD, as well as poten-
tial key findings.

Comprehensive two-dimensional transthoracic echocardiography
(TTE)with Doppler is themost commonly used diagnostic test for initial
evaluation of PAH-CHD. It can help characterize the underlying heart
defect and previous corrective interventions, provide an estimate of
PAP and determine biventricular function and extent of cardiac cham-
ber remodeling. Additionally, echo has significant value in determining
prognosis and assessing response to therapeutic interventions. Signs of
PAHon echo includeRVhypertrophy anddilatation, right atrial (RA) en-
largement, flattening of the interventricular septum and increased tri-
cuspid and pulmonary valve regurgitant velocities. Additional imaging
by computed tomography or cardiac magnetic resonance is generally
indicatedwhen the cardiac anatomy and function cannot be adequately
assessed by echo.

Right heart catheterization is strongly recommended before therapy
initiation, ideally at a center with expertise in PAHwith an operator ex-
perienced in the catheterization of patients with CHD. Hemodynamics
are critical, as most CHD patients have a pulmonary venous etiology to
PH.2 A thorough shunt run should be performed in all CHD patients,
whether or not a shunt has previously been detected. The presence of
a concomitant ASD, stretched patent foramen ovale or partial anoma-
lous pulmonary venous return is not uncommon and may be a correct-
able source of increased pulmonary blood flow. A shunt should be
suspected in any patient with hemodynamics suggesting advanced
PAH but cardiac output by Fick method that is either normal or
increased. PA saturations should be sampled bilaterally to exclude
Table 2
Components of the initial workup that should be performed in all patients with suspected PAH
mography; MRI, magnetic resonance imaging.

Initial Workup Key Findings

History and physical exam Signs and symptoms of right heart f
Laboratory testing Erythrocytosis, iron deficiency
Chest radiography Pulmonary arterial and hilar dilation

(dependent on presence of shunting
Electrocardiography Right axis deviation, right atrial enla
Diagnostic cardiac imaging (echo, MRI, CT) Right ventricular hypertrophy in ea

advanced disease. Right atrial enlarg
PDA. Bilateral PAPmeasures also help to detect segmental PH. The latter
patients may benefit from interventions to restore balanced perfusion
to the various lung segments. After PAH has been confirmed,
vasoreactivity testing should also be performed. Treatment with
calcium channel blockers is generally not advised in this patient popula-
tion, and so testing is performed mainly to assess response to medical
therapy and help determine prognosis. Responsiveness to inhaled nitric
oxide has been shown to be associated with improved mid-term
outcome in adults with PAH-CHD21 and to long-term outcome in ES
patients receiving advanced PH therapy.22

Additional studies may also help to assess the severity of the disease
and monitor progression and response to therapy. Brain natriuretic
peptide (BNP) levels in PH correlate with PVR, mean PAP, RA pressure
and RV mass.23 Moreover, the degree of elevation of BNP in PAH-CHD
reflects the degree of hemodynamic derangement and provides prog-
nostic information.24 A six-minute walk test (6-MWT) should also be
performed at baseline for all patients to determine functional limitation
and degree of oxygen desaturation with exertion.25 Maximal cardiopul-
monary exercise testing with measurement of gas exchange is a
valuable prognostic tool that can be very useful for assessing dynamic
shunting and ventilatory efficiency. Because of its more cumbersome
nature, however, cardiopulmonary exercise testing is less frequently
utilized for serial follow-up of PAH-CHD than the 6-MWT.

Approach to treatment of patients with PAH-CHD

The ultimate goal of CHD management should be the prompt repair
of defect(s) before long-term sequelae develop. In patients with signif-
icant shunt lesions, this involves surgical or transcatheter repair prior to
the development of irreversible pulmonary vascular disease. Early
correction of such shunts (i.e. within ninemonths of age) has been asso-
ciatedwith normalization of PVRone year after repair, suggesting rever-
sal of early changes in the pulmonary vasculature.26 If repair is delayed
until after two years of age, PVR rarely falls to normal levels and PAH
typically ensues over time.26

Management of PAH-CHD patients should ideally take place at spe-
cialized centers under the care of cardiologists with training and experi-
ence in ACHD and PAH.2,12 The approach to treatment depends on each
patient's unique medical and surgical history, hemodynamics and
clinical state. Treatment options include supportive care, percutaneous
or surgical interventions and advanced PAH-specific medical therapy.

Supportive care

Supportive measures are usually targeted to treat or avoid the com-
plications of PAH-CHD. Patients with ES are typically cyanotic; and it is
this state of chronic hypoxemia, alongwith low cardiac output and PAH,
that is responsible for the numerous complications that can develop.
The degree of hypoxemia is inversely related to red blood cell count,
and thus secondary erythrocytosis is commonly present.27 However,
contrary to previous belief that routine phlebotomy could avoid hyper-
viscosity symptoms and reduce thrombotic events, current practice has
moved away fromphlebotomy, which is now reserved for patients with
severe hyperviscosity symptoms in the absence of dehydration.12
-CHD, as well as the key findings expected with each type of study. CT, computerized to-

ailure, cyanosis, decrease in functional capacity

, right heart enlargement, variable pulmonary vascularity
)
rgement, RV hypertrophy
rly disease. Right ventricular dilatation and systolic dysfunction in more
ement. Tricuspid regurgitation and hepatic congestion. Pulmonary vascular pruning.



Table 3
Guideline-based approach to repair of shunt lesions in the presence of pulmonary arterial
hypertension. PAH-CHD, pulmonary arterial hypertension associated with congenital
heart disease; PVR, pulmonary vascular resistance; PVRi, indexed pulmonary vascular
resistance.

Criteria for Shunt Closure in Patients With Group B PAH-CHD

PVR (WU) PVRi (WU/m2) Candidate for Shunt Closure

b2.3 b4 Yes
2.3–4.6 4–8 Individualized decision
N4.6 N8 Likely not
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Erythrocytosis is now believed to be a beneficial compensatory mecha-
nism that serves to increase tissue oxygen delivery. In addition, routine
and unnecessary phlebotomy can result in significant iron deficiency
anemia, further impairing oxygen delivery and reducing exercise
tolerance.28 Thus avoidance of dehydration, maintenance of euvolemia
and repletion of iron stores are now critical aspects of ES care.

ES patients are also at an increased risk of stroke and PA thrombosis
due to blood stasis, endothelial injury and prothrombotic material.29,30

This is countered by an increased risk for bleeding and hemoptysis,
which makes use of anticoagulants in these patients controversial. In
general, oral anticoagulation is recommended for ES patients with
intrapulmonary thrombi, confirmed paradoxical embolism, in the pres-
ence of atrial flutter or fibrillation and for patients requiring indwelling
lines for medication administration or intracardiac pacing leads.12 In
patients with very high hemoglobin levels (N20 mg/dl), standard INR
measures have been found to be less accurate and the amount of sodium
citrate in test tubes should be adjusted to ensure accuracy for appropri-
ate warfarin dosing adjustments.

In women of childbearing age and PAH-CHD, contraception is a
critically important issue. Maternal and fetal mortality is prohibitively
high in this population, in addition to the greater risk of CHD in fetus,
particularly in syndromic CHD.31 Prevention of pregnancy should be
stressed with the use of safe and effective methods of contraception.
Estrogen-containing compounds should be avoided due to an increased
promotion of thrombosis. In the event that a womanwithmild to mod-
erate PAH-CHD becomes pregnant, she should be followed by a cardiol-
ogist with expertise in the management of PAH-CHD as well as a
maternal-fetal medicine specialist to reduce peripartum risk. In the
presence of severe PAH-CHD, early pregnancy termination should
ideally be recommended.

Long-term oxygen therapy, despite modestly increasing arterial
oxygen saturation and improving symptoms in some patients with ES,
has not been shown to alter survival.32 Its use is suggested for selected
patients with intrinsic lung disease, advanced respiratory symptoms
and/or those with marked hypoxia who ascend to high altitudes or
travel by air. Finally, patients with cyanotic CHD are at risk of infective
endocarditis during invasive dental procedures and should receive
antimicrobial prophylaxis.33

Interventional approach

Surgical and percutaneous techniques can be performed to repair or
palliate most cardiac defects with fairly low periprocedural risk in the
absence of significant comorbidities, providing that the indexed PVR is
b4Woodunits/m2. Forpatientswith indexedPVRof4–8Woodunits/m2,
further testing and consideration on a case per case basis is generally
recommeded.12 Shunts that are not hemodynamically significant (low
pulmonary to systemic flow ratio and in the absence of heart chamber
enlargement or increased PVR) generally will not require closure in
the absence of related pathology (such as paradoxical embolic stroke).

Early attempts at surgical closure of shunts in patients with group A
PAH-CHD (ES) resulted in very high rates of mortality, and this practice
was quickly abandoned. Acute and short-term results of some interven-
tional therapies in subsets of ES appear promising; however, the long-
term consequences remain largely uncertain.34–36 As such, structural
intervention in this population should be considered contraindicated,
short of enrollment into prospective clinical studies.

As with surgical approaches, management of Group B patients
(moderate-to-large defects with prominent systemic-to-pulmonary
flow leading to mild-to-moderate increases in PVR) should be based
upon indexed PVR (Table 3). With normal or slightly increased PVR,
the defect can be safely repaired. Fig 1 demonstrates echocardiographic
images from a 65-year-old patient who presented with moderately
severe PH. Panel A shows the dominant RV, as seen in PAH, and in
panel B the estimated RV systolic pressure calculated to 81 mm Hg (4
× velocity2 + 10 [RA pressure estimated based upon a dilated but
normally collapsing inferior vena cava]). Both defects are visualized by
color Doppler on apical 4 chamber transthoracic echo in Panel C and
by intracardiac echo in Panel D. At catheterization the cardiac output
was very high (due to prominent left to right shunting) and the pulmo-
nary vascular resistance was calculated at 2.2 Wood units. The patient
tolerated simultaneous balloon occlusion of the defects and both defects
were successfully closed using 30 mm Gore Cardioform Devices (Gore
Medical; Flagstaff, AZ); Panels E and F. Closure resulted in return to a
dominant LV (Panel G) and RV systolic pressure on 1-year follow-up
echo was down to 51 mm Hg (Panel H). The echo showed well seated
devices and no shunting by color Doppler (Panel I).

With moderately increased PVR, the decision to repair should be in-
dividualized following careful assessment at a tertiary care center with
expertise in PAH-CHD. Results of intervention in these patients have
been mixed and residual PAH after closure appears to carry a very
poor prognosis.37 Finally, repair is contraindicated with severely in-
creased PVR, as the defect is likely to be acting as a “relief valve” for
the right-sided heart chambers (permitting right-to-left shunting to
maintain cardiac output at the expense of cyanosis when the system is
under duress). It is important to realize that the static condition of
cardiac catheterization (particularly when a structural heart interven-
tion is planned and sedation is administered) does not necessarily
predict what happens when the patient attempts to be active or is
under duress. Such situations are generally difficult to replicate in the
catheterization laboratory setting.

Patients in group C (PAHwith small/coincidental defects) and group
D (PAH after corrective surgery) have PAH that appears to be very sim-
ilar in pathophysiology to idiopathic PAH. Hence, repair is not generally
indicated for these patients and some variation of the WHO Group 1
treatment algorithm should be applied.38

Several factors limit the feasibility of corrective cardiac surgery in
the ACHDpopulation, especially in patients who have undergone previ-
ous cardiac procedures. Extensive scar tissue from prior operations and
the development of collateral vessels often complicate or even preclude
reentry into the chest, as this can result in bleeding that is challenging to
control. Furthermore, the proximity of the heart and other cardiovascu-
lar structures to the sternum requires extreme caution when accessing
the chest cavity. Finally, cardiopulmonary bypass times in adults with
CHD are significantly longer and these patients typically require larger
amounts of blood products.39 Novel surgical techniques utilizing
smaller and alternative incisions as well as laparoscopic and robotic
guidance have emerged as growing technologies to reduce operative
risk. Furthermore the increased use of percutaneous technologies by
interventionalists skilled in the field of CHD, either as an alternative or
performed as hybrid procedures, with some lesions treated surgically
and others with catheter-based options, have grown in popularity.
Data has shown fewer procedural complications and shorter hospital
stays with these techniques, while maintaining nearly equivalent
long-term outcomes.40,41 It is important to recognize that in some
cases defectsmay be closed or even created in order to optimize pulmo-
nary and systemic blood flow. In each case preprocedural assessment,
careful discussion and consideration of the patient's wishes, as well as
group discussion with input from cardiologists, cardiac surgeons and



Fig 1. Imaging from a 65-year-oldwomanwho hadmoderately severe pulmonary hypertension as a result of having two atrial septal defects (arrows). Transcatheter closure of the defects
using 30mmGoreCardioformdevices (arrowheads) resulted in a significant decrease in pulmonary artery pressure and right atrial and ventricular sizes by 1 year of follow-up. Please refer
to the text for additional information. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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cardiac interventionalists increases the chances that themost appropri-
ate management technique will be selected.
Advanced PAH-specific medical therapy

To date the majority of pivotal trials on PAH-specific therapies have
recruited only a small number of patients with CHD, with most cases
being fully repaired simple defects, as their pathophysiology most
closely resembles idiopathic PAH.Whether these results can be general-
ized to the overall PAH-CHDpopulation is uncertain, and thus a consen-
sus for a unified therapeutic approach to advanced therapy in those
patients remains lacking. Most medical treatment strategies in PAH-
CHD are based upon expert opinion rather than clinical trials. However,
there is growing evidence from randomized controlled trials and obser-
vational studies in patients with ES that suggests benefit with targeted
medical therapies. Several small randomized andnon-randomized trials
(including the Bosentan Randomized Trial of Endothelin Antagonist
Therapy-5 [BREATHE-5] discussed below) have suggested hemody-
namic and functional improvements with the use of targeted medical
therapy. In a systematic review including a total of 1131 patients, the
ten-yearmortality in treatment-naïve ES patientswas 30% to 40%, with-
out any significant improvement over the last several decades.42 In two
sizable registries, however, ES patients receiving PAH therapies
appeared to have significantly improved survival compared to
treatment-naïve patients.43–45
To date, three main pathways involved in the pathophysiology of
PAH have been the targets of PAH-specific therapy: the endothelin
pathway, the nitric oxide pathway and the prostacyclin pathway. Oral,
inhaled, subcutaneous and parenteral medications have been devel-
oped to target those pathways, namely, endothelin receptor antagonists
(ERAs), phosphodiesterase-5 inhibitors (PDE-5i) and prostanoids.
Newer agents include soluble guanylate cyclase stimulators (such as
riociguat), which target the nitric oxide pathway and selective IP
prostacyclin-receptor agonists (such as selexipag), which target the
prostanoid pathway. Of the longer, outcome based clinical trials, the
GRIPHON study randomized the largest population of PAH-CHD pa-
tients to date (110; all corrected shunts) to either selexipag or placebo
and suggested similar clinical improvement compared with other
Group 1 patients.46

Selection of therapeutic agents in PAH-CHD should be determined
byWHOFunction Class, proven drug efficacy and safety, hemodynamics
andRV function, aswell as patient preference,with a goal ofmaximizing
patient compliance. Figs. 2 and 3 provide an evidence-based overview
for the interventional and medical management of patients with PAH-
CHD. Patients inWHO Function Class I are usually treatedwith support-
ive care only. Those with Class II or III symptoms can either be offered
upfront combination oral therapy, most commonly an endothelin re-
ceptor antagonist (ERA) and a phosphodiesterase-5 inhibitor (PDE-5i),
or sequential monotherapy.

Although data regarding combination therapy in PAH-CHD patients
are generally lacking, a few small studies suggest significant clinical



Fig 2. Generalized algorithm for approaching management of different types of PAH-CHD. ES, Eisenmenger syndrome; PAH-CHD, pulmonary arterial hypertension associated with
congenital heart disease; PVR, pulmonary vascular resistance; WHO, World Health Organization.
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improvement over monotherapy. In the Ambition (A study of first-line
ambrisentan and tadalafil combination therapy in subjects with pulmo-
nary arterial hypertension) Trial, Galié and colleagues found that
treatment-naïve PAH patients started on upfront combination therapy
with ambrisentan and tadalafil had a significantly lower risk of
clinical-failure events compared to patients started on either drug
alone.47 However, only 9 out of the 500 patients enrolled in the trial
had PAH-CHD, making it minimally applicable to this population of pa-
tients. In a recent study of 32 ES patients clinically deteriorating on
bosentan, the addition of sildenafil resulted in a significant improve-
ment in hemodynamics, clinical status and exercise tolerance.48 Several
other studies have also shown either clinical improvement or preven-
tion of further deterioration in ES patients receiving combination
therapy.49,50

Bosentan is the preferred therapeutic agent for ES patients with
WHO class III symptoms in the latest European Society of Cardiology
(ESC) and the European Respiratory Society (ERS) Guidelines. This rec-
ommendation is based upon BREATHE-5, the first randomized control
ig 3. A simplified algorithm for approaching medical therapy in PAH-CHD. 6-MWD, six-minute walk distance; ERA, endothelin-receptor antagonist; ES, Eisenmenger syndrome; NT-
roBNP, N-terminal pro-Brain Natriuretic Peptide; PAH-CHD, pulmonary arterial hypertension associated with congenital heart disease; PDE-5i, phosphodiesterase-5 inhibitor; RV,
ight ventricle; SpO2, peripheral capillary oxygen saturation; WHO, World Health Organization.
F
p
r

trial (RCT) in ES, as well as its 40-week open-label extension study.51,52

In this trial of 54 ES patients, bosentan treatment resulted in significant
improvements in exercise capacity, hemodynamics and function class,
regardless of the location of shunt lesion and without adversely affect-
ing systemic arterial oxygen saturations.53Macitentan is the newest ap-
proved, dual receptor ERA. It was found to significantly reduce
morbidity/mortality and increase exercise capacity in a large RCT that
included 565 patients with PAH, almost 8% of which had repaired con-
genital shunts.54 However, in the most recent RCT of 226 patients
with ES (MAESTRO), macitentan did not significantly improve 6-MWT
distance or WHO functional class compared to placebo.55

Fewer studies have been conducted to test the efficacy of PDE-5i's
(such as sildenafil and tadalafil) in PAH-CHD. Overall these limited stud-
ies have shown improvement in exercise capacity, function class and
hemodynamics.56–58 Since the level of evidence for use of thesemedica-
tions is lower than that for ERAs, they are usually considered second-
line agents. Riociguat has been studied in a RCT (PATENT-1) that in-
cluded 35 PAH-CHD patients with repaired defects, representing 8% of
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the study population. Riociguat appeared to improve exercise capacity,
functional class and hemodynamics, N-terminal pro-BNP levels and
the time to clinical worsening.59 Importantly, riociguat should not be
used in combination with PDE-5i's due to risk of profound hypotension
or syncope.60

In patients with WHO class IV symptoms, intravenous epoprostenol
is strongly recommended. Epoprostenol is a short-acting prostacyclin
analog that has been tested in small cohorts of patients with ES and
shown to result in improvements in hemodynamics and exercise
capacity.61,62 Other intravenous prostacyclins, such as the longer-
acting treprostinil, can also be used as alternatives. The latter agent is
particularly attractive in ES patients because of the additional availabil-
ity of a subcutaneous manner of delivery. Long-term intravenous pros-
tanoid administration increases the risk of paradoxical embolism and
infectious complications in PAH-CHD patients with residual shunts,
and therefore should be used with caution.

Finally, it is important to note that pulmonary vasodilator therapy is
generally contraindicated in patients with elevated left-sided filling
pressures, as these drugsmay further increase pulmonary vascular con-
gestion and consequent hypoxemia. Patients with interstitial lung dis-
ease, not an uncommon comorbidity in CHD, may also experience
worsening hypoxia related to worsened VQmatching. Calcium channel
blockers, historically given to PAH patients with positive vasoreactivity
testing, are contraindicated for use in patientswith ES, as systemic vaso-
dilatation may result in systemic vascular resistance dropping more
than PVR and consequently worsened hypoxemia from increasing
right to left shunt.

Conclusion

The main goal of CHD management should remain timely recogni-
tion and repair of defects before irreversible damage to the pulmonary
circulation occurs. PAH is still a common complication in ACHD, even
in patients who have undergone successful repair; and its prevalence
appears to be increasing in parallel with growth in the population of
adults with CHD. Determining the optimal management for the
heterogeneous group of PAH-CHD patients requires a thorough and
sophisticated approach integrating tertiary-level resources and multi-
center initiatives. Cumulative data now supports the introduction of ad-
vanced PAH-specific therapies, especially in patientswith ES or repaired
defects. Advanced therapy for the other types of PAH-CHDhas been less
thoroughly studied, and additional research is needed to better define
this practice. Although ES has now been extensively studied, available
therapies still remain mostly palliative and focused on improving
quality of life; data evaluating survival outcomes are scarce and ES
continues to be a highly debilitating disease with increased morbidity
and mortality. Further understanding of the pathophysiology of this
disease will undoubtedly open the door to better treatment options.
Ensuring strict follow-up of these patients and having a high index of
suspicion for clinical worsening, will undoubtedly lead to timelier
medical interventions and improved outcomes for the CHD-PH
population.
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