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KEY POINTS

e Pulmonary hypertension is common in adults living with congenital heart disease.
e Thoughtful diagnosis and classification are required for appropriate management.
e Extensive expertise and a high index of suspicion allow timely and accurate diagnosis.

INTRODUCTION

Pulmonary hypertension (PH) affects 5% to 10%
of patients with congenital heart disease (CHD)
and is associated with significant exercise limita-
tion and increased morbidity and mortality.’™
The presence of PH also carries significant impli-
cations with regard to pregnancy and surgical
procedures, both cardiac and noncardiac,
affecting perioperative risk. PH, thus, needs to
be identified early in all adults with CHD
(ACHD) and managed appropriately to avoid pit-
falls and optimize outcome. However, the diag-
nosis and management can be intricate. This
review provides a general guide on how to diag-
nose and manage the ACHD patient with sus-
pected PH of various types.

APPROACH TO THE ADULT CONGENITAL
HEART DISEASE PATIENT WITH SUSPECTED
PULMONARY HYPERTENSION

Clinical History

The symptoms of PH are notoriously nonspecific,
especially in the context of patients with CHD,
who may experience symptoms caused by resid-
ual hemodynamic lesions, arrhythmias, heart fail-
ure, or extracardiac features of a coexistent
syndrome. Exertional dyspnea is common and
can be graded using the Borg dyspnea scale (eg,
assessed before and after a 6-minute walk test).
Fatigue is commonly an associated feature in
PH. Effort-induced syncope in adults with PH
and CHD may occur because of their inability to
augment their cardiac output appropriately in
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response to the demand imposed by exercise or
exertion and/or severe hypoxia, and is associated
with increased mortality. Chest pain is not uncom-
mon and can be ischemic in nature, the result of
increased metabolic demands of the hypertrophi-
ed right ventricle, reduced right ventricular (RV)
diastolic coronary perfusion, hypoxemia, or
compression of the left main stem by a dilated
main pulmonary artery (PA).° Noncardiac chest
pain can arise from pulmonary embolism (eg,
embolization of in situ PA thrombi in Eisenmenger
patients), PA dissection, or rupture. Hemoptysis is
also common and can be massive and life-
threatening.

Components of the clinical history may raise
suspicion for PH, especially the type of underlying
CHD, timing and type of repair, and coexistent
genetic syndromes, which may increase the risk
of PH by various mechanisms. For example,
patients with Down syndrome are prone to
develop pulmonary vascular disease early in life
in the presence of CHD but can also develop
PH because of bronchopulmonary dysplasia,
obstructive sleep apnea, and other reasons.

History of associated thromboembolism, respira-
tory disease, HIV infection, or portal hypertension
should also not be ignored.

Further evidence is gathered from the physical
examination (Table 1) and routine tests, including
electrocardiography, chest radiography, exercise
testing, and echocardiography.

Echocardiography

Echocardiography is an essential tool in the
assessment and follow-up of patients with CHD.
Imaging should be performed in an accredited
unit using a protocolized approach that includes
screening for PH. Clinical and echocardiographic
suspicion of PH should be confirmed by cardiac
catheterization (Fig. 1). Standard echocardio-
graphic criteria for PH, as recommended by inter-
national PH guidelines, do apply to many, but not
all, CHD patients with biventricular circulation.
For example, peak tricuspid regurgitation (TR)
flow velocity and other supporting signs related
to the ventricles, pulmonary artery, or inferior
vena cava and the right atrium can help estimate

Table 1

Inspection

Examination findings in pulmonary hypertension associated with congenital heart disease

Clubbing of toes and/or fingers

Abnormalities of facies, stature, or extremities (genetic syndrome)
Skin discoloration (cyanosis, pallor, jaundice)

Petechiae or purpura

Tortuous retinal vessels (on fundoscopy)

Raised jugular venous pulse

Respiratory rate and use of accessory muscles

Previous surgical scars

Peripheral edema

Palpation/Percussion

Ascites

Right ventricular heave
Left parasternal tap
Hepatomegaly

Pitting edema

Auscultation Eisenmenger

e Loud pulmonary component of S2

e Single or narrowly split S2

e Ejection click at upper left parasternal border

e Early diastolic decrescendo murmur of high-pressure pulmonary
regurgitation (Graham Steell)

e High-pitched tricuspid regurgitation murmur

e 3rd and 4th heart sounds

In PAH-CHD with systemic-to-pulmonary shunts

e VSD: holosystolic murmur in 4th intercostal space at the left
parasternal border

e Post-tricuspid shunt with Qp:Qs >2: mid-diastolic flow murmur
across the MV

Abbreviations: MV, mitral valve; PAH-CHD, pulmonary arterial hypertension associated with congenital heart disease;
Qp:Qs, ratio of pulmonary to systemic flow; S2, second heart sound; VSD, ventricular septal defect.
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Table 2

hold?®

Assumption About “Normal” Physiology

Assumptions of the recommended pulmonary artery systolic pressure calculation from peak tricuspid
regurgitation velocity and examples of congenital heart defects in which these assumptions do not

Situation Where Assumption Violated

RV directly communicates with the PA

Unrepaired pulmonary atresia

RV does not directly communicate with
the aorta/systemic circulation

Univentricular circulation
Nonrestrictive VSD
¢cTGA and post-atrial switch for TGA

Absence of obstruction between the
proximal RV and distal pulmonary arterioles

Double-chambered RV

RV outflow tract obstruction/subpulmonary
stenosis

Valvular pulmonary stenosis

Supravalvular pulmonary stenosis

Branch PA stenosis

RA pressure can be estimated using IVC size
and collapsibility with respiration

Torrential TR

IVC not directly communicating with RA
(eg, TCPQ)

Mechanical ventilation

Abbreviations: (cc)TGA, (congenitally corrected) transposition of the great arteries; IVC, inferior vena cava; PA, pulmonary
artery; RA, right atrium; RV, right ventricle; TCPC, total cavopulmonary connection; TR, tricuspid regurgitation; VSD, ven-

tricular septal defect.

the probability of PH.®” However, a fundamental
understanding of each patient’s anatomy and
physiology is critical because standard criteria
do not apply and can mislead in subsets of pa-
tients with not only complex CHD but also simple
forms of CHD. In pulmonary stenosis, the gradient
across the right ventricular outflow tract or pulmo-
nary valve contributes to the TR velocity, and must
be accounted for in the estimation of PA systolic
pressure. In more complex CHD, TR velocity may
have no relation to PA pressure (Table 2) and alter-
native signs should be sought.®

Cardiac Catheterization

Right heart catheterization remains the only
method for confirming a true diagnosis of PH, dis-
tinguishing between precapillary and postcapillary
hemodynamics, assessing the severity of PH, and
performing vasoreactivity challenge. Meticulous
attention to detail and an in-depth knowledge of
underlying cardiac anatomy are required to access
the heart and pulmonary arteries and thus gather
and interpret clinically useful information. Cardiac
catheterization should, therefore, be undertaken
at a specialist center combining ACHD and PH
expertise.

Precapillary PH is characterized by the pres-
ence of a mean PA pressure (mPAP) >25 mm
Hg, a pulmonary artery wedge pressure (PAWP)
<15 mm Hg, and pulmonary vascular resistance
(PVR) >3WU.® By contrast, postcapillary PH is
defined by mPAP >25 mm Hg and PAWP greater

than 15 mm Hg, and can be isolated or combined,
based on a PVR of less than or >3 WU (Wood
units) or a diastolic pressure gradient (diastolic
PA pressure — PAWP) of less than or >7 mm Hg,
respectively. Recent data from normal subjects,
showing that an mPAP greater than 20 mm Hg
represents two standard deviations above the
mean normal mPAP, have led to the adoption of
this cutoff in the new hemodynamic definition of
PH in the 6th World Symposium proceedings
(Fig. 2).° Although this new definition is based on
scientific data rather than an arbitrary limit, one
must acknowledge that no specific evidence
about this exists for CHD, and the 25-mm Hg cut-
off has appeared ubiquitously in PH research.
When PAWP cannot be accurately measured, the
left ventricular (LV) end-diastolic pressure should
be used to estimate left atrial pressure. In cases
where the PAWP is <15 mm Hg but there is a his-
tory and echocardiogram suggestive of “left” heart
disease and/or diuretic treatment, the use of an
acute fluid challenge may unmask LV diastolic
dysfunction and discriminate between pulmonary
arterial hypertension (PAH) and left heart dis-
ease.'®'! Although this approach is intuitively
appealing (ie, seems to make sense), evidence
on optimal fluid volume and timing, as well as the
clinical relevance of a particular response, is still
sparse.

Vasoreactivity testing has multiple uses in PH. In
idiopathic PAH, a positive vasoreactivity response,
defined as a reduction of the mPAP >10 mm Hg to
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Adult with CHD
Symptoms or signs
suggestive of PH

Systemic / left-sided disease
on echocardiography at
ACHD centre

Yes

“Proportionate”

elevation of mPAP?

|

Treat residual
hemodynamic lesions / HF

RHC +
reversibility testing

Classify PH

Echocardiographic signs of
PH (according to anatomy)?

RHC
Exclude other causes of PH

Consider other causes

of clinical features

Pre-capillary Post-capillary

Treat residual
hemodynamic lesions / HF

Fig. 1. Approach to the patient with congenital heart disease and features of pulmonary hypertension. In the
presence of systemic/left-sided disease, clinical judgment is required to decide whether a small increase in pulmo-
nary pressure is reflective of and proportionate to the degree of disease. 2 Refer to Dimopoulos and colleagues.® ®
See Table 3 for pulmonary arterial hypertension associated with congenital heart disease (PAH-CHD) classifica-
tion. (A)CHD, (adult) congenital heart disease; HF, heart failure; mPAP, mean pulmonary artery pressure; PH, pul-

monary hypertension; RHC, right heart catheterization.

reach an absolute mean value of <40 mm Hg with
an increased or unchanged cardiac output, carries
prognosis and management implications (treat-
ment with calcium-channel blockers).® Vasoreac-
tivity testing is also performed in patients with
unrepaired CHD and borderline hemodynamics,
that is, a PVR index between 4 and 8 WU - m?,
to assess “reversibility” of the pulmonary vascular
disease and aid the decision to operate. The
absence of evidence-based thresholds for
deciding operability’®> and uncertainty about the
prognostic relevance of preoperative vasoreactiv-
ity testing is, however, reflected in the latest Amer-
ican Heart association/American College of
Cardiology ACHD guidelines, which do not advo-
cate vasoreactivity testing in this context.’® Of
note, independent from any impact on clinical de-
cision making, the degree of response to acute
pulmonary vasodilator administration seems to
carry some prognostic insight.

A different type of vasoreactivity testing is inte-
gral to heart transplant assessment. In patients
with systemic ventricular dysfunction (or other
left-sided disease) and combined precapillary
and postcapillary PH, response to milrinone and/

or sodium nitroprusside can help identify patients
who may be eligible for heart versus heart-lung
transplantation. In patients with low cardiac index,
any medication that increases transpulmonary
flow may decrease PVR via recruitment and
distension of the pulmonary vasculature. This sub-
set of patients does not have pulmonary vascular
disease as a cause of elevated PVR, and the in-
crease in flow unmasks preserved pulmonary
vascular reserve. Patients with a fixed precapillary
component may benefit from mechanical circula-
tory support, for example, LV assist device implan-
tation, as a bridge to reassessment and heart
transplantation.*°

Complementary Imaging

Multimodality noninvasive imaging of the heart and
lungs, including cardiovascular magnetic reso-
nance (CMR), computed tomography, and
ventilation-perfusion (V/Q) scanning, is helpful to
diagnose incidental CHD and exclude other forms
of PH, for example, connective tissue disease-
related or chronic thromboembolic PH. CMR-
augmented cardiac catheterization (in a hybrid



Congenital Heart Disease and Pulmonary Hypertension

40
309
Normal mpap 207
10 | PG
0
40
mPAP 307
Pre-capillary PH 201 ]LTPG
0] e o
0
40
mPAP 30:
Isolated post- 20 TT?? .........
capillary PH 101
0
mPAP 40.
] ‘TPG
Combined pre & 201 VOV
post-capillary PH 101

mPAP PAWP TPG PVR

<20 mmHg <15mmHg <I2 mmHg <3 WU
PAWP

>20 mmHg <15mmHg >12 mmHg >3 WU
PAWP
PAWP >20 mmHg >15mmHg <12 mmHg <3 WU
PAWP >20 mmHg >15mmHg >12 mmHg >3 WU

Fig. 2. Patients with precapillary pulmonary hypertension (PH) have a raised mean pulmonary artery pressure
(mPAP) with a normal pulmonary artery wedge pressure (PAWP), hence a raised pulmonary vascular resistance
(PVR). Postcapillary PH is characterized by an abnormally elevated PAWP. Isolated or combined pre- and postca-
pillary PH are differentiated on the basis of PVR and/or diastolic pressure gradient (DPG = diastolic pulmonary
artery pressure — PAWP).%31:60 dPAP, diastolic pulmonary artery pressure.

laboratory) may be useful in accurately assessing
hemodynamics in patients with complex CHD
and/or multiple sources of pulmonary blood flow,
combinations of shunts, or significant valvular
regurgitation, in whom estimates of PVR by car-
diac catheterization may be inaccurate.®

TYPES OF PULMONARY HYPERTENSION
OBSERVED IN ADULTS WITH CONGENITAL
HEART DISEASE

Precapillary Pulmonary Hypertension in
Patients with Congenital Heart Disease

PH is not a single disease, and different forms are
best approached with entirely distinct manage-
ment strategies. Classifying the type of PH is
essential in the management of all patients,
including those with CHD, because it directs man-
agement. Table 3 describes types of PH that can
be encountered in ACHD patients. Group 1,
namely, PAH-CHD, has attracted the most atten-
tion, especially since the introduction of PAH ther-
apies. The histologic changes seen in the
pulmonary circulation are indistinguishable from
what is seen in other types of PAH, including idio-
pathic disease. The histologic classification of

pulmonary vascular disease, which is still used in
a modified form, was first proposed by Heath
and Edwards in 1958 describing a cohort of pa-
tients predominantly with PAH-CHD. The initial,
potentially reversible changes of arterial muscular
hypertrophy and intimal thickening (grades I-lll)
progress to plexiform lesions and necrotizing
arteritis (grade V), which are deemed irreversible.
Even though an increasing PVR is observed in pro-
gressive histologic grades, a clear correlation be-
tween the two is lacking. Moreover, neither
histology nor cardiac catheterization can depend-
ably foresee the outcome of reparative surgery.
Nowadays, lung biopsies are rarely performed in
clinical practice.®'°

A clinical classification has been developed for
PAH-CHD (group 1), aimed mainly at simple de-
fects (see Table 3). Groups A and B are patients
with Eisenmenger syndrome (A) and those with
systemic-to-pulmonary shunts (B). These 2 groups
reside at different points along a continuum in
terms of both hemodynamics and histologic
changes, with Eisenmenger syndrome at the se-
vere end of the spectrum. Eisenmenger syndrome
is defined by patients born with a systemic-to-
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Table 3

Grouping according to International
PH Classification and WS

Types of pulmonary hypertension in congenital heart disease

Subgroup

Group 1

(A) Eisenmenger syndrome

(B) PAH associated with systemic-to-pulmonary shunt
(C) PAH and coincidental/small defect

(D) PAH following corrective surgery/defect closure

Group 2

Left heart disease (eg, systemic ventricular dysfunction,

Pulmonary vein stenosis

Cor triatriatum

Obstructed total anomalous pulmonary venous return
Mitral/aortic stenosis (including supra-/subvalvular)
Coarctation of the aorta

valve disease)

Isolated
Associated (BPD, prematurity)

Group 3

BPD
Lung disease (eg, restrictive lung defect)
OSA/nocturnal hypoventilation

Group 4

PH due to pulmonary artery obstructions

Congenital
Related to previous surgery
Related to other conditions (eg, sarcoidosis)

Group 5 (complex CHD)

Segmental PH

Single ventricle

Scimitar syndrome

Isolated pulmonary artery of ductal origin
Absent pulmonary artery

Pulmonary atresia with VSD and MAPCAs
Hemitruncus

Other

Unoperated
Operated

Based on the updated clinical classification of pulmonary hypertension from the Proceedings of the 6th World Symposium

on Pulmonary Hypertension.®>°

Abbreviations: BPD, bronchopulmonary dysplasia; CHD, congenital heart disease; MAPCA, major aortopulmonary
collateral artery; PAH, pulmonary arterial hypertension; PH, pulmonary hypertension; VSD, ventricular septal defect;

WS, 6th World Symposium on Pulmonary Hypertension.

pulmonary shunt who eventually develop severe
pulmonary vascular disease with consequent
shunt reversal (now pulmonary-to-systemic or
bidirectional shunting). PAH-CHD patients with
left-to-right shunting have less severe pulmonary
vascular disease, and some may be eligible for
defect closure if the histologic changes can be
deemed reversible. Defects that are more likely
to lead to the development of pulmonary vascular
disease include large central shunts (eg, truncus
arteriosus, an aortopulmonary window, or large
surgical shunts such as central, Potts, or Water-
ston shunts), large ventricular septal defects
(VSDs) present in isolation or as part of complex
cardiac anatomy (eg, univentricular hearts without
pulmonary stenosis—an unprotected pulmonary

circulation), or a large patent ductus arterio-
sus.?%72% Improvements in diagnosis and surgical
and interventional treatment have led to a
decrease in the incidence and prevalence of
Eisenmenger syndrome in developed countries,
but it remains prevalent in developing countries.?
Despite advances in treatment, Eisenmenger syn-
drome is associated with significant morbidity and
mortality, related to PAH, chronic cyanosis, and
the underlying cardiac defect (Table 4).

Group C PAH includes patients with only small
or seemingly coincidental congenital defects. The
presence of pulmonary vascular disease along-
side a small cardiac defect, usually a VSD of
less than 1 cm or an ASD of less than 2 cm in
diameter, cannot be readily explained only by
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Table 4

Cardiac

Multisystem complications of Eisenmenger syndrome

Hematologic

Other

Heart failure
Arrhythmias
Infective endocarditis

Bleeding
Thrombosis
Hyperviscosity
Thrombocytopenia

Renal failure
Hepatic dysfunction
Cerebral abscess
Cholelithiasis

Gout
Paraganglioma

the small hemodynamic burden placed on the
pulmonary vasculature by the defect itself, and
likely reflects a separate process similar to idio-
pathic PAH.5°

The fourth subgroup of PAH-CHD, namely
postoperative PAH (which persists, recurs, or de-
velops after CHD surgery), forms a growing pro-
portion patients, currently about 20% of
cases.?® Following simple shunt repair, the prev-
alence of PH on echocardiographic screening is
3% to 5.7%.22%27 In many patients, residual
PAH after surgery or intervention is expected
based on preoperative hemodynamics, whereas
in others it may be unexpected and can develop
years after the procedure. Certain genetic vari-
ants, such as the SOX17 and BMPR2 risk genes,
have been documented in patients with PAH-
CHD and may explain some of the phenotypic
variation and the predisposition to PAH observed
in these patients.?®?° The presence of PAH signif-
icantly affects prognosis in these patients.

Other types of precapillary PH can be encoun-
tered in CHD, including PH resulting from
pulmonary artery obstruction, coexisting broncho-
pulmonary dysplasia (often encountered in pa-
tients with Down syndrome), and “segmental” PH
(currently classified under group 5, PH with un-
clear and/or multifactorial mechanisms, see
Table 3). The latter group encompasses “any con-
dition with abnormal underlying cardiac or
vascular anatomy, usually including varied sour-
ces of pulmonary blood supply, which results in
distal pulmonary vascular disease that affects
various lung segments to differing degrees.”®° In
this situation, the degree of V/Q mismatch deter-
mines the severity of symptoms and relates to dif-
ferences in the perfusion of various lung segments
and physiologic dead space (caused by collateral
supply to the lung from the aorta, and coexisting
intracardiac shunting). Segmental PH is typical of
patients with tetralogy of Fallot with pulmonary
atresia and major aortopulmonary collateral ar-
teries. Cardiac catheterization to confirm

segmental PH should only be performed in centers
with expertise, because measurement of pres-
sures and calculation of PVR in each lung segment
can be difficult.

Another precapillary form of PH in CHD patients,
classified under group 5 PH, is pulmonary vascular
disease in Fontan patients. This rarely fulfills the
classic definition of PH, because the low pulmo-
nary blood flow and absence of a subpulmonary
ventricle means that a relative and mild elevation
in PVR can occur with low or normal PA pressures,
but even this modest increase in resistance to flow
has a large negative consequence in the absence
of a subpulmonary pump.

Postcapillary Pulmonary Hypertension in
Patients with Congenital Heart Disease

Postcapillary PH, which is PH with an increase in
left-sided filling pressures (group 2 PH),® is com-
mon in ACHD patients and can occur as a result
of left-sided lesions, including valve or outflow
tract obstruction, valve regurgitation, and systolic
or diastolic systemic ventricular dysfunction.
Indeed, long-term sequelae involving the systemic
ventricle and valves are common in ACHD patients
with significant hemodynamic lesions and those
who have undergone corrective surgery, espe-
cially when operated on in earlier surgical eras
with higher rates of ventriculotomy and ischemic
or reperfusion injury. Pulmonary venous obstruc-
tion, either congenital or as a complication of prior
repair, can also contribute to PH in this group.
PH secondary to left heart disease reflects an in-
crease in left atrial/pulmonary venous pressures,
and can be isolated (with normal PVR) or com-
bined with a precapillary component (and hence
higher than normal PVR, see Fig. 1). The latter
may be the result of chronic changes in the pulmo-
nary vasculature, with endothelial dysfunction,
infiltration of inflammatory cells, vasoconstriction,
and vascular remodeling,® which leads to a
further increase in mPAP and an increase in PVR.
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Careful study of hemodynamics is required when
assessing patients for heart transplantation, for
example, individuals with impaired systemic right
ventricles and/or systemic atrioventricular valve
regurgitation with advanced heart failure refractory
to treatment.

MANAGEMENT OF PULMONARY
HYPERTENSION IN ADULT CONGENITAL
HEART DISEASE

Management of Pulmonary Arterial
Hypertension-Congenital Heart Disease

The management strategy and role of PAH thera-
pies depends on the presence and type of PAH-
CHD. The distinct features of Eisenmenger syn-
drome (group A), particularly the presence of
long-standing cyanosis and the underlying cardiac
defect, result in a range of systemic complications,
which require regular contact with specialists in
PAH-CHD working within a wider multidisciplinary
team.® '3 Expert-led supportive management and
the avoidance of historical practices (such as
routine venesection) are an essential part of the
management of Eisenmenger syndrome.*? Endo-
carditis prophylaxis around high-risk dental pro-
cedures, immunization against influenza and
Pneumococcus, contraception (not containing es-
trogen), and screening for and treatment of iron
deficiency are recommended. Pregnancy should
be avoided and adequate contraception pre-
scribed. General anesthesia and sedation carry
significant risks and nonessential surgery should
be avoided, and essential surgery should be per-
formed in specialist centers with adequate exper-
tise. Randomized controlled trials (RCTs) have
shown a benefit of the endothelin receptor antag-
onist (ERA) bosentan and the phosphodiesterase
inhibitors sildenafil and tadalafii on hemody-
namics, exercise capacity, and quality of life.3%-3¢
The recent MAESTRO trial, which assessed the ef-
fect of macitentan (an ERA) versus placebo in pa-
tients with Eisenmenger syndrome (including
those with Down syndrome and those in New
York Heart Association functional class Il) did not
meet the prespecified primary end point of change
in exercise capacity over a 16-week period,
but was associated with a decrease in B-type
natriuretic peptide and improved hemodynamics
compared with placebo.®” The prognostic implica-
tions of PAH therapy in this patient group
have been in contemporary populations are sup-
ported by evidence from several retrospective
studies.*38-40

For patients with PAH-CHD with systemic-to-
pulmonary shunts (group B), the degree of eleva-
tion of PVR at cardiac catheterization, along with

other metrics such as ratio of pulmonary to sys-
temic resistance (Ry:Rg), is used to identify pa-
tients who could benefit from repair of the
defect, with or without preceding PAH therapy.
In patients with established pulmonary vascular
disease (PVR index >8 WU - m? or R,:Rs >2/3
and/or net right-to-left shunt), defect closure
shortens survival and should be avoided.*’
Conversely, in patients with a sizable shunt and
normal pulmonary vascular physiology (PVR
index <4 WU - m?, R,:Rs <1/3), repair is strongly
indicated and can be associated with an
improved exercise tolerance, lower risk of
atrial tachyarrhythmia, and better long-term
outcome.*?*3 In patients with borderline hemo-
dynamics (PVR index 4-8 WU - m?, 2/3 >
Ro:Rs > 1/3), who fall within the “gray zone” of
guideline recommendations, a trial of PAH ther-
apy with reassessment of hemodynamics and
possible repair of the defect has been advocated
(the so-called “treat-and-repair” strategy). This
approach remains controversial and should only
be considered in selected patients following re-
view in expert centers.?’#4=46 The use of fenes-
trated devices or surgical patches, which allow
decompression of the right heart,*” have also
been described.

Experts often use PAH therapies in patients with
PAH and small or coincidental defects (group C),
even though evidence is lacking. However, some
of these patients (idiopathic PAH with small atrial
communications) were included with other idio-
pathic PAH patients in major RCTs.*%4° Patients
who develop PAH following CHD repair were
also included in small numbers in most RCTs of
PAH therapies. Although underpowered for formal
subgroup analysis, these trials have allowed the
use of PAH therapies in this patient cohort.*!

Management of Other Types of Pulmonary
Hypertension in Adult Congenital Heart
Disease

There is little evidence to guide management of
segmental PH and abnormal pulmonary resistance
in Fontan patients. Expert centers do occasionally
trial PAH therapies in these patients, on a case-by-
case basis, after careful synthesis of available in-
formation from the clinical history and underlying
physiology. In patients with a “failing Fontan” cir-
culation, PAH therapies have been used to opti-
mize hemodynamics, especially when refractory
to other treatments. In those with stable Fontan
physiology, some short-term physiologic studies
have suggested modest benefit, but findings
are mixed and long-term effects remain
unexplored.>0-56
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In contrast to precapillary PH, there is no role for
PAH therapies in the management of postcapillary
PH, which requires the identification and manage-
ment of active hemodynamic lesions. There are
few empiric data to guide the use of conventional
heart failure medication, such as angiotensin-
converting enzyme inhibitors and angiotensin re-
ceptor blockers, and these medications are
usually reserved for patients with systemic ventric-
ular dysfunction, including those with systemic
right ventricle. B-Blockers are used by some
centers for patients with severe systemic ventricu-
lar dysfunction or in the presence of arrhythmias,
but caution is required in the presence of
RV dysfunction or conduction abnormalities.
Mineralocorticoid receptor antagonists are used
for right-sided congestive symptoms, and some-
times in higher doses for their renin-angiotensin-
aldosterone system blocking effects. Loop
diuretics are frequently used to control congestive
heart failure. Despite a true absence of any evi-
dence or experience in CHD, there is increasing in-
terest for the use of newer heart failure therapies,
such as sacubitril-valsartan,®” GLP1 receptor ago-
nists, and SGLT2 inhibitors, in this population.

FUTURE PERSPECTIVES

There has been significant progress in the un-
derstanding and management of PH related to
ACHD over the past several decades, but
numerous questions still remain. The epidemi-
ology of PAH-CHD is changing and so should
its management. As clinicians’ understanding
of the genetic basis of PH improves, personal-
ized phenotyping and treatment is likely to
improve outcomes. New tools to allow better
assessment of operability in patients with
borderline pulmonary vascular disease are
sorely needed. It also remains unclear whether
goal-oriented therapy (with specific targets
aimed at optimizing outcome), as used in idio-
pathic disease, is effective for the management
of PAH-CHD, and what the treatment targets
should be. Indeed, risk-assessment tools spe-
cific to PAH-CHD are lacking, although multi-
center efforts have allowed the identification of
prognostic markers in Eisenmenger syndrome.®
Finally, the role of PAH therapies in complex
ACHD remains unclear.

SUMMARY

International collaboration and study designs that
address the small sample size available at individ-
ual centers, heterogeneity of the population, and
relatively low event rates are required to improve

the understanding and treatment of CHD PH. In
the absence of definitive evidence, expert multi-
disciplinary care'® and education for patients and
nonspecialist physicians is paramount in achieving
wider engagement, preventing loss to follow-up,
and supporting appropriate referrals to specialist
services.

FUNDING

None.

ACKNOWLEDGMENTS

None.

DISCLOSURE

Professor K. Dimopoulos has received unre-
stricted educational support from Actelion and
has been a consultant to and received grants
and personal fees from Actelion (United Kingdom),
Pfizer, United States, GlaxoSmithKline, United
Kingdom, and Bayer/MSD, Germany. Dr A. Con-
stantine has received a personal educational grant
from Actelion (a Janssen Pharmaceutical Com-
pany of Johnson & Johnson). Professor A.R. Opo-
towsky has grants from Actelion and Roche
Diagnostics and has served on an Independent
Data Monitoring Board for Actelion.

REFERENCES

1. Duffels MGJ, Engelfriet PM, Berger RMF, et al. Pul-
monary arterial hypertension in congenital heart dis-
ease: an epidemiologic perspective from a Dutch
registry. Int J Cardiol 2007;120(2):198-204.

2. van Riel ACMJ, Schuuring MJ, van Hessen ID, et al.
Contemporary prevalence of pulmonary arterial hy-
pertension in adult congenital heart disease
following the updated clinical classification. Int J
Cardiol 2014;174(2):299-305.

3. Engelfriet PM, Duffels MGJ, Méller T, et al. Pulmo-
nary arterial hypertension in adults born with a heart
septal defect: the Euro Heart Survey on adult
congenital heart disease. Heart 2007;93(6):682-7.

4. Dimopoulos K, Inuzuka R, Goletto S, et al. Improved
survival among patients with Eisenmenger syn-
drome receiving advanced therapy for pulmonary
arterial hypertension. Circulation 2010;121(1):20-5.

5. Galie N, Saia F, Palazzini M, et al. Left main coronary
artery compression in patients with pulmonary arte-
rial hypertension and angina. J Am Coll Cardiol
2017;69(23):2808-17.

6. Galieé N, Humbert M, Vachiery J-L, et al. 2015 ESC/
ERS guidelines for the diagnosis and treatment of
pulmonary hypertension: the Joint Task Force for
the diagnosis and treatment of pulmonary

453


http://refhub.elsevier.com/S0733-8651(20)30031-X/sref1
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref1
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref1
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref1
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref2
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref2
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref2
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref2
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref2
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref3
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref3
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref3
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref3
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref4
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref4
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref4
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref4
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref5
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref5
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref5
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref5
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6

454

10.

11.

12.

13.

14.

16.

16.

Constantine et al

hypertension of the European Society of Cardiology
(ESC) and the European Respiratory Society (ERS)
Endorsed by: Association for European Paediatric
and Congenital Cardiology (AEPC), International So-
ciety for Heart and Lung Transplantation (ISHLT).
Eur Respir J 2015;46(4):903-75.

. Koestenberger M, Apitz C, Abdul-Khalig H, et al.

Transthoracic echocardiography for the evaluation
of children and adolescents with suspected or
confirmed  pulmonary  hypertension. Expert
consensus statement on the diagnosis and treat-
ment of paediatric pulmonary hypertension. The Eu-
ropean Paediatric Pulmonary Vascular Disease
Network, endorsed by ISHLT and DGPK. Heart
2016;102(Suppl 2):ii14-22.

. Dimopoulos K, Condliffe R, Tulloh RMR, et al. Echo-

cardiographic screening for pulmonary hyperten-
sion in congenital heart disease. J Am Coll Cardiol
2018;72(22):2778-88.

. Simonneau G, Montani D, Celermajer DS, et al. Hae-

modynamic definitions and updated clinical classifi-
cation of pulmonary hypertension. Eur Respir J
2019;53(1):1801913.

Fujimoto N, Borlaug BA, Lewis GD, et al. Hemody-
namic responses to rapid saline loading: the impact
of age, sex, and heart failure. Circulation 2013;
127(1):55-62.

Robbins IM, Hemnes AR, Pugh ME, et al. High
prevalence of occult pulmonary venous hyper-
tension revealed by fluid challenge in pulmo-
nary hypertension. Circ Heart Fail 2014;7(1):
116-22.

Balzer DT, Kort HW, Day RW, et al. Inhaled nitric ox-
ide as a preoperative test (INOP test I): the INOP
test study group. Circulation 2002;106(12 Suppl 1):
176-81.

Stout KK, Daniels CJ, Aboulhosn JA, et al. 2018
AHA/ACC guideline for the management of adults
with congenital heart disease: a report of the Amer-
ican College of Cardiology/American Heart Associa-
tion Task Force on clinical practice guidelines. J Am
Coll Cardiol 2018;25255. https://doi.org/10.1016/j.
jacc.2018.08.1029.

Etz CD, Welp HA, Tjan TDT, et al. Medically refrac-
tory pulmonary hypertension: treatment with nonpul-
satile left ventricular assist devices. Ann Thorac
Surg 2007;83(5):1697-705.

Nair PK, Kormos RL, Teuteberg JJ, et al. Pulsatile left
ventricular assist device support as a bridge to de-
cision in patients with end-stage heart failure compli-
cated by pulmonary hypertension. J Heart Lung
Transplant 2010;29(2):201-8.

Muthurangu V, Taylor A, Andriantsimiavona R, et al.
Novel method of quantifying pulmonary vascular
resistance by use of simultaneous invasive pressure
monitoring and phase-contrast magnetic resonance
flow. Circulation 2004;110(7):826-34.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Heath D, Edwards JE. The pathology of hyperten-
sive pulmonary vascular disease. Circulation 1958;
18(4):533-47.

Rabinovitch M, Haworth SG, Castaneda AR, et al.
Lung biopsy in congenital heart disease: a morpho-
metric approach to pulmonary vascular disease. Cir-
culation 1978;58(6):1107-22.

Haworth SG. Pulmonary vascular disease in ventric-
ular septal defect: structural and functional correla-
tions in lung biopsies from 85 patients, with
outcome of intracardiac repair. J Pathol 1987;
152(3):157-68.

Simonneau G, Galie N, Rubin LJ, et al. Clinical clas-
sification of pulmonary hypertension. J Am Coll Car-
diol 2004;43(12 Supplement):S5-12.

Dimopoulos K, Peset A, Gatzoulis MA. Evaluating
operability in adults with congenital heart disease
and the role of pretreatment with targeted pulmo-
nary arterial hypertension therapy. Int J Cardiol
2008;129(2):163-71.

Collins-Nakai RL, Rabinovitch M. Pulmonary
vascular obstructive disease. Cardiol Clin 1993;
11(4):675-87.

Hoffman JI, Rudolph AM. The natural history of ven-
tricular septal defects in infancy. Am J Cardiol 1965;
16(5):634-53.

Hjortshgj CS, Jensen AS, Sgrensen K, et al. Epide-
miological changes in Eisenmenger syndrome in
the Nordic region in 1977-2012. Heart 2017,
103(17):1353-8.

van Dissel AC, Mulder BJM, Bouma BJ. The chang-
ing landscape of pulmonary arterial hypertension in
the adult with congenital heart disease. J Clin Med
2017;6(4). https://doi.org/10.3390/jcm6040040.

van Riel ACMJ, Blok IM, Zwinderman AH, et al. Life-
time risk of pulmonary hypertension for all patients
after shunt closure. J Am Coll Cardiol 2015;66(9):
1084-6.

Lammers AE, Bauer LJ, Diller G-P, et al. Pulmonary
hypertension after shunt closure in patients with sim-
ple congenital heart defects. Int J Cardiol 2020.
https://doi.org/10.1016/j.ijcard.2019.12.070.

Zhu N, Welch CL, Wang J, et al. Rare variants in
SOX17 are associated with pulmonary arterial hy-
pertension with congenital heart disease. Genome
Med 2018;10(1):56.

Roberts KE, McElroy JJ, Wong WPK, et al. BMPR2
mutations in pulmonary arterial hypertension with
congenital heart disease. Eur Respir J 2004;24(3):
371-4.

Dimopoulos K, Diller G-P, Opotowsky AR, et al. Defi-
nition and management of segmental pulmonary hy-
pertension. J Am Heart Assoc 2018;7(14). https://
doi.org/10.1161/JAHA.118.008587.

Vachiéry J-L, Adir Y, Barbera JA, et al. Pulmonary
hypertension due to left heart diseases. J Am Coll
Cardiol 2013;62(25 Suppl):D100-8.


http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref6
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref7
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref7
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref7
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref7
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref7
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref7
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref7
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref7
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref7
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref8
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref8
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref8
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref8
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref9
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref9
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref9
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref9
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref10
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref10
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref10
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref10
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref11
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref11
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref11
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref11
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref11
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref12
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref12
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref12
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref12
https://doi.org/10.1016/j.jacc.2018.08.1029
https://doi.org/10.1016/j.jacc.2018.08.1029
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref14
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref14
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref14
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref14
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref15
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref15
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref15
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref15
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref15
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref16
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref16
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref16
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref16
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref16
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref17
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref17
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref17
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref18
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref18
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref18
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref18
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref19
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref19
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref19
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref19
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref19
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref20
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref20
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref20
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref21
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref21
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref21
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref21
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref21
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref22
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref22
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref22
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref23
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref23
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref23
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref24
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref24
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref24
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref24
https://doi.org/10.3390/jcm6040040
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref26
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref26
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref26
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref26
https://doi.org/10.1016/j.ijcard.2019.12.070
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref28
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref28
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref28
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref28
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref29
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref29
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref29
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref29
https://doi.org/10.1161/JAHA.118.008587
https://doi.org/10.1161/JAHA.118.008587
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref31
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref31
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Congenital Heart Disease and Pulmonary Hypertension

Dimopoulos K, Wort SJ, Gatzoulis MA. Pulmonary
hypertension related to congenital heart disease: a
call for action. Eur Heart J 2014;35(11):691-700.
Galie N, Beghetti M, Gatzoulis MA, et al. Bosentan
therapy in patients with Eisenmenger syndrome: a
multicenter, double-blind, randomized, placebo-
controlled study. Circulation 2006;114(1):48-54.
Iversen K, Jensen AS, Jensen TV, et al
Combination therapy with bosentan and sildenafil
in Eisenmenger syndrome: a randomized,
placebo-controlled, double-blinded trial. Eur Heart
J 2010;31(9):1124-31.

Mukhopadhyay S, Nathani S, Yusuf J, et al. Clinical
efficacy of phosphodiesterase-5 inhibitor tadalafil
in  Eisenmenger  syndrome—a  randomized,
placebo-controlled, double-blind crossover study.
Congenit Heart Dis 2011;6(5):424-31.

D’Alto M, Romeo E, Argiento P, et al. Bosentan-sil-
denafil association in patients with congenital heart
disease-related pulmonary arterial hypertension
and Eisenmenger physiology. Int J Cardiol 2012;
155(3):378-82.

Gatzoulis MA, Landzberg M, Beghetti M, et al. Eval-
uation of macitentan in patients with Eisenmenger
syndrome. Circulation 2019;139(1):51-63.

Diller G-P, Kérten M-A, Bauer UMM, et al. Current
therapy and outcome of Eisenmenger syndrome:
data of the German National Register for congenital
heart defects. Eur Heart J 2016;37(18):1449-55.
Hascoet S, Fournier E, Jais X, et al. Outcome of
adults with Eisenmenger syndrome treated with
drugs specific to pulmonary arterial hypertension:
a French multicentre study. Arch Cardiovasc Dis
2017;110(5):303-16.

Arnott C, Strange G, Bullock A, et al. Pulmonary
vasodilator therapy is associated with greater sur-
vival in Eisenmenger syndrome. Heart 2017.
https://doi.org/10.1136/heartjnl-2017-311876.
Manes A, Palazzini M, Leci E, et al. Current era sur-
vival of patients with pulmonary arterial hypertension
associated with congenital heart disease: a compar-
ison between clinical subgroups. Eur Heart J 2014;
35(11):716-24.

Attie F, Rosas M, Granados N, et al. Surgical treat-
ment for secundum atrial septal defects in pa-
tients >40 years old. A randomized clinical trial.
J Am Coll Cardiol 2001;38(7):2035-42.
Humenberger M, Rosenhek R, Gabriel H, et al.
Benefit of atrial septal defect closure in adults:
impact of age. Eur Heart J 2011;32(5):553-60.

Yao A. “Treat-and-repair” strategy for atrial septal
defect and associated pulmonary arterial hyperten-
sion. Circ J 2016;80(1):69-71.

Bradley EA, Ammash N, Martinez SC, et al. “Treat-
to-close”: non-repairable ASD-PAH in the adult:

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

results from the North American ASD-PAH (NAAP)
multicenter registry. Int J Cardiol 2019. https://doi.
org/10.1016/j.ijcard.2019.03.056.

Constantine A, Dimopoulos K. Evaluating a strategy
of PAH therapy pre-treatment in patients with atrial
septal defects and pulmonary arterial hypertension
to permit safe repair (“treat-and-repair”). Int J Car-
diol 2019;291:142-4.

Talwar S, Keshri VK, Choudhary SK, et al. Unidirec-
tional valved patch closure of ventricular septal de-
fects with severe pulmonary arterial hypertension:
hemodynamic outcomes. J Thorac Cardiovasc
Surg 2014;148(6):2570-5.

Pulido T, Adzerikho I, Channick RN, et al. Maciten-
tan and morbidity and mortality in pulmonary arte-
rial hypertension. N Engl J Med 2013;369(9):
809-18.

Sitbon O, Channick R, Chin KM, et al. Selexipag for
the treatment of pulmonary arterial hypertension.
N Engl J Med 2015;373(26):2522-33.

Giardini A, Balducci A, Specchia S, et al. Effect of
sildenafil on haemodynamic response to exercise
and exercise capacity in Fontan patients. Eur Heart
J 2008;29(13):1681-7.

Ovaert C, Thijs D, Dewolf D, et al. The effect of bo-
sentan in patients with a failing Fontan circulation.
Cardiol Young 2009;19(4):331-9.

Goldberg DJ, French B, McBride MG, et al. Impact
of oral sildenafil on exercise performance in children
and young adults after the Fontan operation: a ran-
domized, double-blind, placebo-controlled, cross-
over trial. Circulation 2011;123(11):1185-93.
Schuuring MJ, Vis JC, van Dijk APJ, et al. Impact of
bosentan on exercise capacity in adults after the
Fontan procedure: a randomized controlled trial.
Eur J Heart Fail 2013;15(6):690-8.

Rhodes J, Ubeda-Tikkanen A, Clair M, et al. Effect of
inhaled iloprost on the exercise function of Fontan
patients: a demonstration of concept. Int J Cardiol
2013;168(3):2435-40.

Hebert A, Mikkelsen UR, Thilen U, et al. Bosentan
improves exercise capacity in adolescents and
adults after Fontan operation: the TEMPO (Treatment
with Endothelin receptor antagonist in Fontan pa-
tients, a randomized, placebo-controlled, double-
blind study Measuring Peak Oxygen Consumption)
study. Circulation 2014;130(23):2021-30.

Goldberg DJ, Zak V, Goldstein BH, et al. Results of
the Fontan Udenafil Exercise Longitudinal (FUEL)
trial. ~ Circulation 2019. https://doi.org/10.1161/
CIRCULATIONAHA.119.044352.

Maurer SJ, Pujol Salvador C, Schiele S, et al. Sacu-
bitril/valsartan for heart failure in adults with complex
congenital heart disease. Int J Cardiol 2020;300:
137-40.

455



http://refhub.elsevier.com/S0733-8651(20)30031-X/sref32
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref32
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref32
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref33
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref33
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref33
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref33
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref34
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref34
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref34
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref34
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref34
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref35
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref35
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref35
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref35
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref35
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref36
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref36
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref36
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref36
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref36
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref37
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref37
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref37
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref38
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref38
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref38
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref38
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref39
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref39
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref39
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref39
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref39
https://doi.org/10.1136/heartjnl-2017-311876
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref41
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref41
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref41
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref41
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref41
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref42
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref42
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref42
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref42
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref43
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref43
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref43
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref44
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref44
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref44
https://doi.org/10.1016/j.ijcard.2019.03.056
https://doi.org/10.1016/j.ijcard.2019.03.056
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref46
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref46
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref46
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref46
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref46
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref47
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref47
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref47
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref47
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref47
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref48
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref48
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref48
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref48
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref49
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref49
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref49
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref50
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref50
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref50
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref50
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref51
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref51
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref51
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref52
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref52
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref52
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref52
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref52
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref53
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref53
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref53
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref53
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref54
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref54
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref54
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref54
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref55
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref55
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref55
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref55
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref55
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref55
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref55
https://doi.org/10.1161/CIRCULATIONAHA.119.044352
https://doi.org/10.1161/CIRCULATIONAHA.119.044352
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref57
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref57
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref57
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref57

456

58.

59.

Constantine et al

Kempny A, Hjortshgj CS, Gu H, et al. Predictors of
death in contemporary adult patients with Eisen-
menger syndrome: a multicenter study. Circulation
2017;135(15):1432-40.

Rosenzweig EB, Abman SH, Adatia |, et al. Paediat-
ric pulmonary arterial hypertension: updates on defi-
nition, classification, diagnostics and management.

60.

Eur Respir J 2019;53(1). https://doi.org/10.1183/
13993003.01916-2018.

Dimopoulos K, Ernst S, McCabe C, et al
Pulmonary artery denervation: a new, long-awaited
interventional treatment for combined pre- and
post-capillary pulmonary hypertension? JACC Car-
diovasc Interv 2019;12(3):285-8.


http://refhub.elsevier.com/S0733-8651(20)30031-X/sref58
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref58
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref58
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref58
https://doi.org/10.1183/13993003.01916-2018
https://doi.org/10.1183/13993003.01916-2018
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref60
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref60
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref60
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref60
http://refhub.elsevier.com/S0733-8651(20)30031-X/sref60

	Congenital Heart Disease and Pulmonary Hypertension
	Key points
	Introduction
	Approach to the adult congenital heart disease patient with suspected pulmonary hypertension
	Clinical History
	Echocardiography
	Cardiac Catheterization
	Complementary Imaging

	Types of pulmonary hypertension observed in adults with congenital heart disease
	Precapillary Pulmonary Hypertension in Patients with Congenital Heart Disease
	Postcapillary Pulmonary Hypertension in Patients with Congenital Heart Disease

	Management of pulmonary hypertension in adult congenital heart disease
	Management of Pulmonary Arterial Hypertension-Congenital Heart Disease
	Management of Other Types of Pulmonary Hypertension in Adult Congenital Heart Disease

	Future perspectives
	Summary
	Funding
	Acknowledgments
	References


