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Abstract: The number of adults with congenital heart defects (ACHDs) is steadily increasing and is about
360,000 in Germany. Congenital heart defect (CHD) is often associated with pulmonary hypertension
(PH), which sometimes develops early in untreated CHD. Despite timely treatment of CHD, PH not
infrequently persists, redevelops in older age, and is associated with significant morbidity and lethality. The
revised European Society of Cardiology (ESC)/European Respiratory Society (ERS) 2022 guidelines for the
diagnosis and treatment of PH represent a significant contribution to the optimized care of those affected.
However, the topic of “adults with congenital heart defects” is treated only relatively superficially in this
context. In the present article, part I, therefore, this topic is commented on in detail from the perspective of

congenital cardiology with a special focus on definition, epidemiology, classification, diagnostics, genetics,
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risk stratification and follow-up and gender aspects of PH in ACHDs. This paper consists of two parts. Part

II will provide comments on the topics of supportive therapy, special situations like pregnancy, contraception,

and non-cardiac surgery, targeted pharmacotherapy, organ transplantation, special management like shunt

lesion, left ventricular disease, and univentricular hearts, interventions, intensive care, ACHDs follow-up and

future perspective on PH in ACHDs. By examining these aspects in detail, this article aims to fill the gaps

in the existing guidelines and provide a more thorough understanding from the perspective of congenital

cardiology.
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Introduction

Congenital heart defects (CHDs) are the most common
isolated congenital organ anomaly. Worldwide, approximately
1.5 million children are born with CHD per year, in
Germany approximately 8,500 (1,2). Due to improved
medical care in the industrialized world, more than 95%
of them reach adulthood. Worldwide, there are currently
about 50 million adults living with congenital heart diseases
(ACHDs), in Germany about 360,000 (3,4). One of the
most important complications of CHD is pulmonary
hypertension (PH) or pulmonary vascular disease (PVD),
which can develop at any age (5).

The European Society of Cardiology (ESC) and the
European Respiratory Society (ERS) 2022 revised the 2015
ESC and ERS guidelines. They include the hemodynamic
definition of PH clinical classification, diagnostic strategies,
risk assessment, risk-stratified therapy, specifics of left
heart, pulmonary disease, hypoxia, chronic thromboembolic
PH (CTEPH), and their care by a multidisciplinary team
working with patient associations and engaging in research,
teaching, and education (6,7). Because little space is given
to PH in ACHDs in this context, the present article
aims to provide important additional information on this
constellation of problems (8-10).

Definition of pulmonary arterial hypertension (PAH)

The definition of PH and its various forms is based on
hemodynamic parameters obtained by cardiac catheterization
at rest and in the supine position. Although hemodynamics
represent the central element for characterizing PH, the
definitive diagnosis and classification of PH should reflect
the entire clinical context and take into account the results
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of all examinations.

PH is defined by a mean pulmonary arterial pressure
(mPAP) >20 mmHg at rest (7able 1), according to the 2022
ESC/ERS guidelines.

In precapillary PH, it is important to include pulmonary
vascular resistance (PVR) and pulmonary arterial wedge
pressure (PAWP) in the definition to distinguish increased
pulmonary arterial pressure (PAP) due to PVD from
increased PAP due to left heart disease (LHD), and from
increased pulmonary blood flow (7able I).

Based on the available data, the upper limit of normal
PVR and the lowest prognostically relevant threshold of
PVR were set at ~2 Wood units (WU) (11-14). PVR relates
to body surface area and age, and higher PVR values may
exist in healthy elderly individuals.

Of particular note in the current ERS/ESC-PH guideline,
especially for adults with shunt lesions in the setting of
CHD, is the definition of “unclassified PH”: there are
patients with elevated mPAP (>20 mmHg) but low PVR
(22 WU) and low PAWP (<15 mmHg). These patients are
often characterized by increased pulmonary blood flow and,
although they have PH, do not meet the criteria for pre- or
postcapillary PH. In this case, “unclassified PH” is present
according to the current ESC/ERS guideline.

Patients with increased pulmonary blood flow due to
shunt vitium in CHD may fall under this definition.

Epidemiology and classification of PAH

PH is an important health problem with a worldwide PH
prevalence of approximately 1% (9,15). Of adults with CHD,
approximately 3-7% develop PAH during their lifetime,
especially women. The incidence depends largely on the
type of underlying CHD and increases with patient age
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Table 1 Hemodynamic definitions of pulmonary hypertension
according to the 2022 ESC/ERS guidelines (9)

Definition Hemodynamic characteristics

PH mPAP >20 mmHg
Pre-capillary PH mPAP >20 mmHg
PAWP <15 mmHg
PVR >2 WU
IpcPH mPAP >20 mmHg

PAWP >15 mmHg

PVR <2 WU
CpcPH mPAP >20 mmHg
PAWP >15 mmHg
PVR >2 WU

Exercise-induced PH
(“exercise PH”)

mPAP/CO slope between rest
and stress >3 mmHg/L/min

Some patients have elevated mPAP (>20 mmHg) but low PVR
(<2 WU) and low PAWP (=15 mmHg); this hemodynamic state
can be described by the term “unclassified PH” (see text for
further details). ESC/ERS, European Society of Cardiology/
European Respiratory Society; PH, pulmonary hypertension;
mPAP, mean pulmonary arterial pressure; PAWP, pulmonary
arterial wedge pressure; PVR, pulmonary vascular resistance;
WU, Wood units; IpcPH, isolated postcapillary pulmonary
hypertension; CpcPH, combined post- and precapillary
pulmonary hypertension; CO, cardiac output.

and age at defect closure (16). After correction of a simple
heart defect, the estimated PAH prevalence is 3% (17).
Eisenmenger syndrome, the most severe form of PAH
in CHD, is decreasing in industrialized countries. While
fewer patients with simple CHD treated early will develop
PAH in adulthood in the future, more patients with PAH in
complex CHD are expected to develop PAH in adulthood
and those who continue to develop PAH decades after
defect closure (18). In addition, patients who develop PH
because of concomitant cardiac and noncardiac diseases, e.g.,
LHD or chronic obstructive pulmonary disease (COPD),
portal hypertension infectious diseases [schistosomiasis,
human immunodeficiency virus (HIV)], and living at high
altitudes (15).

Also in the current 2022 ESC guidelines, the PH
classification is based on the proposals of the previous
World Conferences or World Symposia. The assignment
of patients to this classification is therapeutically important
(7,9) (1able 2). Patients with PH in CHD appear in this

classification preferably in groups 1 and 2. However, it
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must be noted that adults with CHD are then also assigned
to classes 3, 4, and 5 with increasing age depending on
comorbidities (19).

Specific changes in the new classification include the
subdivision of idiopathic PAH (IPAH) group 1.1 into the
subgroups non-vasoreactivity responders (group 1.1.1) and
vasoreactivity responders (group 1.1.2), the reclassification
of PH patients with additional features of venous [pulmonary
venoocclusive disease (PVOD)] or capillary [pulmonary
capillary hemangiomatosis (PCH)] disease into group 1.5,
the subdivision of IPAH patients into IPAH patients without
comorbidities and IPAH patients with cardiopulmonary
comorbidities, and the restructuring of group 5 (20).

PAH associated with congenital shunt lesion is classified
into four clinically and prognostically significant groups:
Eisenmenger syndrome, correctable or noncorrectable left-
to-right shunts, incidental PAH associated with an CHD,
and PAH after reparative treatment (7able 3).

For everyday clinical practice, the classifications given
in the 2022-ESC guideline appear to be sufficient, but in
many cases do only limited justice to the complexity of
the clinical pictures. A classification according to severity
or complexity of CHD does not exist, although complex
CHD, in particular univentricular hearts after modified
Fontan operation, will become the focus of attention in the
future due to their pulmonary vascular involvement (21).

Diagnosis of PAH—general [clinic, laboratory,
electrocardiogram (ECG), lung function,
spiroergometry, X-ray, magnetic resonance
imaging (MRI), computed tomography (CT),
ventilation/perfusion (V/Q) scintigraphy]

General

The diagnostic algorithm is used to confirm the diagnosis
and clarify PAH, especially to exclude or confirm LHD
(group 2 PH) or structural lung disease (group 3 PH).

Clinic

Clinical symptoms are usually attributable to insufficiency
of the right ventricle (RV) (22,23). Exertional dyspnea is the
most common symptom in adults (24,25).

Laboratory chemical tests

The recommended laboratory chemistry tests at initial
diagnosis are given in Table 4.
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Table 2 Current clinical classification of pulmonary hypertension according to according to 2022 ESC/ERS guidelines (9)

Group

Definition

Group 1: PAH

Group 2: PH, associated with
left heart disease

Group 3: PH, associated with
lung disease or hypoxia

Group 4: PH associated with
pulmonary arterial obstructions

Group 5: PH with unclear diseases
and/or multifactorial mechanism

1.1.

Idiopathic PAH

% 1.1.1. Non-responders in the vasoreactivity test

% 1.1.2. Acute responders in the vasoreactivity test

1.2.
1.3.

Hereditary PAH

PAH, associated with drugs/toxins

1.4.PAH, associated with:

1.5.
1.6.
2.1.

» 1.4.1. Connective tissue disease
» 1.4.2. HIV infection

% 1.4.3. Portal hypertension

% 1.4.4. Congenital heart defect

» 1.4.5. Schistosomiasis

PAH with signs of venous/capillary (PVOD/PCH) involvement
Persistent PH of the newborn

Heart failure

% 2.1.1. HFpEF

< 2.1.2. HFrEF/HFmrEF

2.2. Valve disease

2.3.
3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
4.1.
4.2.
5.1.
5.2.
5.3.
5.4.
5.5.
5.6.

Congenital/acquired cardiovascular disease associated with post-capillary PH
Obstructive lung disease or emphysema

Restrictive lung disease

Pulmonary disease with mixed restrictive/obstructive pattern
Hypoventilation syndrome

Hypoxia without lung disease (e.g., high altitude)

Pulmonary developmental disorders

Chronic thromboembolic PH

Other pulmonary arterial obstructions

Hematologic diseases

Systemic diseases

Metabolic diseases

Chronic renal insufficiency with or without hemodialysis
Pulmonary tumorous thrombotic microangiopathy

Fibrosing mediastinitis

ESC/ERS, European Society of Cardiology/European Respiratory Society; PAH, pulmonary arterial hypertension; HIV, human
immunodeficiency virus; PVOD, pulmonary venoocclusive disease; PCH, pulmonary capillary hemangiomatosis; PH, pulmonary
hypertension; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure

with moderately reduced ejection fraction.
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Table 3 Classification of pulmonary hypertension in congenital shunt lesions according to clinical aspects according to 2022 ESC/ERS guidelines (9)

Classification

Clinical aspects

Eisenmenger syndrome

All large intra- and extracardiac defects with initial systemico-pulmonary shunt

(left-to-right shunt), in which PVR increases sharply during the course of the disease
with resulting bidirectional or pure right-to-left shunt

Clinically, central cyanosis, secondary erythrocytosis, and cyanosis-related
multiorgan damage usually result

PAH associated with predominant systemico-
pulmonary shunt, correctable interventrally or
surgically or not correctable

PAH with small/incidental defects

Moderate to large defects with predominant low- to moderate-grade systemico-
pulmonary blood flow. PVR is mildly to moderately elevated. There is no cyanosis
under resting conditions

Markedly increased PVR in the presence of CHD that is not considered

hemodynamically significant and is not responsible for the development of increased
PVR (usually ventricular septal defects with an echocardiographically measured
effective diameter <1 cm or an atrial septal defect <2 cm)

The clinical picture strongly resembles idiopathic PAH

Defect closure is contraindicated

PAH after reparative treatment

PAH persisting immediately after repair of CHD or recurring within months or years

without existing hemodynamically relevant re/residual shunts

ESC/ERS, European Society of Cardiology/European Respiratory Society; PVR, pulmonary vascular resistance; PAH, pulmonary arterial

hypertension; CHD, congenital heart disease.

Table 4 Laboratory chemical and immunological tests for initial
diagnosis of pulmonary hypertension according to 2022 ESC/ERS
guidelines (9)

Laboratory chemical and immunological studies
Blood count (Hb)
Electrolytes (Na, K)
Kidney function (creatinine, urea, GFR)
Uric acid
Liver assessment (ALT, AST, AP, GGT, bilirubin)

Iron status (serum iron, transferrin, transferrin saturation,
ferritin, soluble transferrin receptor)

BNP or NT-proBNP
Hepatitis serology, HIV-tests

Anti-nuclear antibody, anti-centromere antibody, anti-Ro
antibody

Markers to exclude antiphospholipid syndrome in CTEPH
Thyroid function (TSH)

ESC/ERS, European Society of Cardiology/European Respiratory
Society; Hb, hemoglobin; GFR, glomerular filtration rate; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; AP,
acute pancreatitis; GGT, gamma-glutamyl transferase; BNP, B-type
natriuretic peptide; NT-proBNP, N-terminal prohormone BNP; HIV,
human immunodeficiency virus; CTEPH, chronic thromboembolic
pulmonary hypertension; TSH, thyroid stimulating hormone.
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ECG

A rightward shift of the cardiac electrical axis on ECG has
a high predictive diagnostic value for PH (26). However, a
normal ECG does not exclude PH.

With a normal ECG in combination with unremarkable
cardiac stress markers [B-type natriuretic peptide (BNP)/
N-terminal prohormone BNP (NT-proBNP)], there is
little likelihood of PH even with increased risk of PH (27,28)
(Tuble 5).

Pulmonary function diagnostics and arterial blood gases

Spirometry is normal or only mildly restrictive and/or
obstructive altered, higher grade abnormalities are occasionally
found in PH-CHD and in group 3 PH (29,30). Lung diffusing
capacity for carbon monoxide (DLCO) is normal or mildly
reduced (29). Arterial partial pressure of oxygen (PaQ,) is
normal or slightly reduced; if severely reduced, right-to-left
shunt is suspected, among others. Arterial partial pressure of
carbon dioxide (PaCO,) is typically lower than normal due to
alveolar hyperventilation and prognostically relevant (31,32).
An elevated PaCO, is highly unusual and reflects alveolar
hypoventilation, which per se may be causative or driving
PH. Polysomnography is indicated to rule out ventilatory
dysfunction (33).
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Table 5 ECG changes in patients with according to 2022 ESC/ERS guidelines (9)

Typical ECG changes in PH
P dextroatrial (pulmonale) (P >0.25 mV in lead II, Ill, aVF)

Extreme right axis deviation or sagittal type (QRS axis >90° or not determinable)

Signs of RV hypertrophy (R/S >1, with R >0.5 mVin V1: Rin V1 + Sin lead V5 >1 mV)

Right bundle branch block: complete or incomplete, right-sided intraventricular conduction delay (gR or rSR pattern in V1)

RV strain (ST depression/T wave inversion in right precordial leads V1-V4 and inferior leads II, I, aVF)

Prolonged QTc interval (non-specific)

ECG, electrocardiogram; ESC/ERS, European Society of Cardiology/European Respiratory Society; PH, pulmonary hypertension; aVF,

arteriovenous fistulae; RV, right ventricle.

Table 6 Radiological signs of PH and accompanying abnormalities according to 2022 ESC/ERS guidelines (9)

Signs of PH and accompanying abnormalities ~ Signs of left heart disease and pulmonary congestion

Signs of lung disease

Right heart enlargement
airbronchograms

Enlargement of the pulmonary artery
(incl. aneurysm formation)

Rarefaction of the peripheral pulmonary Pleural effusions

vessels

“Water bottles”-shaped cardiac silhouette

Consolidations and milk glass opacities,

Thickening of interlobular septa ‘Kerly B’ lines

Cardiomegaly, increased CTR. Left atrial enlargement
(incl. spread carina); left ventricular enlargement

Flattening of the diaphragm due to
hyperinflation (COPD/emphysema)

Hypertransparency (COPD/
emphysema)

Reduction of lung volume
(fibrotic lung disease)

Reticular lactic glaucomatous
opacities (fibrotic lung disease)

PH, pulmonary hypertension; ESC/ERS, European Society of Cardiology/European Respiratory Society; COPD, chronic obstructive

pulmonary disease; incl., including; CTR, cardiothoracic ratio.

Spiroergometric examination

Spiroergometry shows a typical picture with low end-
tidal partial pressure for carbon dioxide (PETCO,), high
ventilatory equivalent for carbon dioxide, decreased oxygen
pulse [VO,/heart rate (HR)], and decreased maximal oxygen
uptake (peak VO,) (34).

X-ray thorax

A normal X-ray does not exclude PH (35). Typically, there
is enlargement of the right heart and pulmonary artery, with
so-called ‘pruning’ when severe, indicating rarefaction of
the peripheral pulmonary arteries (1zble 6) (22-24,36,37).

Cardiac MRI (cMRI)

RV volume, right ventricular ejection fraction (RVEF) and
stroke volume (SV) are considered essential factors for the
prognostic assessment of PH using ¢cMRI (15,22,23,38-42).

© AME Publishing Company.

Non-contrast and contrast-enbanced thoracic CT
examinations and digital subtvaction angiography

An enlarged PA diameter, a PA to aorta ratio of 0.9,
and enlarged RVs are typical findings on CT (35). A PA
diameter >30 mm, right ventricular outflow tract (RVOT)
wall thickness >6 mm, and septal deviation >140° (or RV:LV
ratio >1) is highly predictive of PH (43).

The accuracy of contrast CT pulmonary angiography
(CTPA) for CTEPH is limited but can be increased using
high-quality multidetector CT scanners and interpretation
by experienced investigators (44).

V/Q lung scan (scintigraphy)

A V/Q lung scan is recommended to rule out CTEPH
(45,46). In the absence of parenchymal lung disease, a normal
perfusion scan excludes CTEPH with a negative predictive
value of 98% (47,48). Perfusion defects with V/Q mismatch,
however, may occur in 7-10% of patients with PVOD/PCH
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or PAH (49,50). The presence of contrast in extrapulmonary
organs may indicate cardiac or intrapulmonary right-to-left
shunt (35).

Abdomen ultrasound

"To exclude portal hypertension and in progressive disease
with increasing right ventricular dysfunction, an end-organ
damage assessment should be performed (51).

Diagnostics of PAH—genetic counseling and
testing

Mutations in PAH genes have been identified in familial
PAH, IPAH, PVOD/PCH, and anorexigen-associated
PAH [7ab. 13 in the ESC-guideline (52)]. All patients with
the above forms of PAH should be informed of the risk
of genetic disease and that family members may carry a
mutation that increases the risk of PAH, allowing screening
and early diagnosis (52,53).

Genetic counseling by appropriately trained PAH
specialists (in Germany, for example, with the qualification
“Fachgebundene Genetische Beratung”) or human
geneticists should be performed prior to genetic testing.
For asymptomatic family members, this is obligatory in
Germany (52).

If the familial mutation is known and an unaffected
family member test negative for the mutation, the risk
of PAH for that person is the same as for the general
population (52).

Tuab. 13 in the ESC-guideline (52) summarizes clinical
findings that may occur in the context of the above
mutations and recommended investigations.

A thorough history and examination is essential, as mild
findings may be overlooked.

As more genes associated with PAH are discovered, it
becomes more difficult to test them individually. Next-
generation sequencing (NGS) has enabled the development
of gene panels to examine multiple genes simultaneously (41).
However, it is important to verify the genes included in the
panel at the time of testing because the composition of gene
panels changes as science advances.

Commentary related to ACHDs

It has been shown several times that ACHDs may also
have PAH-causing mutations. Therefore, in addition to
hereditary PAH, IPAH, PVOD/PCH, and anorexigen-
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associated PAH, CHD-associated PAH (CHD-APAH) is
also listed in the original publication to which the guidelines
refer for the explicitly named group of PAH forms with
known genetic predisposition (52).

While Table 7 refers to CHD-APAH only in the gene
SOX17, notably mutations in the 7TBX4 and BMPR?2 genes
were also identified in this patient population (54). To date,
it is unclear whether mutations may be present in all forms
of CHD-APAH.

Especially in patients with simple heart defects [atrial
septal defect (ASD), ventricular septal defect (VSD), patent
ductus arteriosus (PDA), patent foramen ovale (PFO)], a
genetic predisposition has been demonstrated so far (55,56).

Initial data from SOX17 mutation carriers with CHD
suggest that, similar to what has been described for BMPR?2
mutation carriers, genetic predisposition may also affect
earlier age at diagnosis and associated poorer prognosis in
CHD-APAH patients (53).

Particularly noteworthy are chromosome 22q11 deletion
syndrome and pulmonary atresia with VSD (PA/VSD) and
major aortopulmonary collateral arteries (MAPCAs). The
associated PH is very specific and usually does not respond
well to targeted PH medication.

Moreover, it is important to recognize that Down
syndrome persons with Down syndrome have an increased
incidence of PH, often associated with CHD or persistent
PH of the newborn (PPHN) and other respiratory
comorbidities. The different underlying causes and risk
factors for PH require a multidisciplinary treatment
approach to these patients.

Although only very few studies address PH-targeted
pharmacotherapie in this population, endothelin receptor
antagonists (ERA) can improve quality of life, exercise
capacity, and functional classification.

Diagnostics of PAH—echocardiography

Among patients with suspected PAH, transthoracic
echocardiography (T'TE) is used as the most important
noninvasive test for assessment of pulmonary vascular
hemodynamics and initial estimation of right atrium (RA),
RV, and pulmonary trunk pressures in CHD patients. The
echocardiographic criteria for PAH assessment listed in the
2022 ESC/ERS guideline on the diagnosis and management
of PH must be critically applied in CHD (9). Anatomic-
hemodynamic features such as shunts or stenoses in the
heart or downstream pulmonary pathway must be taken
into account to correctly classify echocardiographically
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Table 7 Echocardiographic parameters for PAH assessment and special features in CHD according to 2022 ESC/ERS guidelines (9)

Parameter

Special features for CHD

RV morph and function
Systolic gradient across the tricuspid valve (sPAP)
Early/end-diastolic gradient across pulmonary

regurgitation

PA width, RVOT acceleration time

LV eccentricity index

Critical application of usual standard values taking into account structural
peculiarities of the respective cardiac defect

Significance regarding PAH/PH only if tricuspid valve corresponds to
subpulmonary AV valve and no post-tricuspid stenosis exists

Limited significance in higher grade pulmonary regurgitation or downstream
stenosis

PA enlargement in CHD often also independent of PAH/PH

RVOT acceleration time (norm >105 ms) in complex hemodynamics (e.g.,
segmental PH, unilateral pulmonary stenosis) insufficiently validated

Not applicable in CHD with residual post-tricuspid shunt (relief of subpulmonary
ventricle by right-to-left shunt) or complex anatomy or univentricular circulation

PAH, pulmonary arterial hypertension; CHD, congenital heart disease; ESC/ERS, European Society of Cardiology/European Respiratory
Society; RV, right ventricle; sPAP, systolic pulmonary artery pressure; PH, pulmonary hypertension; AV, arteriovenous; PA, pulmonary

artery; RVOT, right ventricular outflow tract; LV, left ventricle.

obtained parameters and to identify abnormalities favoring
secondary PAH (shunt lesions, etc.).

Echocardiographic PAH assessment in complex
anomalies such as CHD with collateral supply to the lung,
segmental PAH, or pulmonary vasculopathy with Fontan
circulation in a functionally univentricular heart is severely
limited.

The following are examples of common echocardiographic
parameters used for PAH assessment and specifics for use
in CHD.

Diagnosis of PAH—invasive examination
(cardiac catheterization and testing)

Important goals of cardiac catheterization examination are:

% Determination of the severity of PH;

% Differentiation of flow-related, pulmonary vascular,

and postcapillary components;
% Identification of possible causes of group 3 and 4 PH;
% Identification of patients with heart defects who are
still operable.

In general, venous and arterial catheterization should be
performed according to a standardized protocol in cases of
shunt lesions. In ACHDs >40 years or a risk constellation
for coronary artery disease, coronary angiography should
be performed in addition. In ACHDs with PAH, a left heart
problem may aggravate the PAH. LHD may lead to elevated
left atrial pressure, which may be associated with subsequent
pulmonary vascular remodelling, vasoconstriction, and an

© AME Publishing Company.

increase in PVR. This has to be determined during invasive
diagnostics.

A vasoreactivity test may be helpful in patients with PAH
in shunt lesion (ASD, VSD, PDA) with hemodynamically
relevant left-to-right shunt and a PVR >3 WU in conjunction
with other clinical, laboratory, and imaging findings, to clarify
the possibility of defect occlusion (see Table 8) (57). However,
there are no prospective studies that can reliably predict how
PVR in PAH-CHD will develop under treatment in the
absence of reactivity in the acute test.

Risk stratification and follow-up

For ACHDs, detailed suggestions for specific risk stratification
do not exist in the 2022-ESC guidelines either. The
risk stratification using 3- or 4-strata from the guideline
cannot be readily adopted for PAH-CHD patients.
However, the common parameters are also applied in these
patients: WHO functional class, exercise limitation on
6-minute walking distance (6MWD) or ergospirometry,
hospitalizations for cardiac events, rhythm profile, pulse
oximetry, biomarkers (including NT-proBNP, C-reactive
protein, iron metabolism parameters, serum creatinine,
serum uric acid, serum albumin, oxygen saturation), and RV
function parameters of echocardiography or MRI.

Cardiac catheterization in ACHDs with PAH is complex
and not without risk. It is usually not routinely repeated and
thus is not a suitable parameter for follow-up observations.
Re-catheterization is more likely to occur in cases of

Cardiovasc Diagn Ther 2024;14(5):935-948 | https://dx.doi.org/10.21037/cdt-24-148



Cardiovascular Diagnosis and Therapy, Vol 14, No 5 October 2024

943

Table 8 Existing and possible additional indicators for assessing reversibility of PAH in congenital heart disease according to van der Feen ez al.

[2019] (57)

Variables for the assessment of reversibility

Effect on/indicative of reversibility

Level of evidence

Age and type of CHD

<+ Younger age at shunt repair favours reversibility C

« Irreversible PAH is more rapidly induced by high pulmonary flow
AND high pulmonary pressure than by high flow only

< Age below which reversible PAH is likely:

+ TA, AVSD, TGA: <6-12 months

+ VSD, PDA: <1-2 years

+ ASD: 30-40 years

Comorbidities with increased risk
to develop irreversible PAH in CHD

Down syndrome, congenital diaphragmatic hernia, bronchopulmonary C
dysplasia, arteriovenous malformations, hereditary telangiectasia,

hyperthyroidism or rheumatoid arthritis

Physical findings indicative of
irreversible PAH

Echocardiography findings indicative
of reversible PAH

Cyanosis at exertion, peripheral oxygen saturation <90%, clubbing, RV- C
heave, accentuated 2™ pulmonary heart sound, fading of shunt murmur

Net shunt direction is left-to-right C

Pulmonary to systemic blood flow ratio

(Qp/Qs) is 2:1

PAH, pulmonary arterial hypertension; CHD, congenital heart disease; TA, tricuspid atresia; AVSD, atrioventricular septal defect;
TGA, transposition of the great arteries; VSD, ventricular septal defect; PDA, persistent ductus arteriosus; ASD, atrial septal defect;

RV, right ventricle.

diagnostic ambiguity or clinically relevant changes.

Especially for adults with larger shunts or an Eisenmenger
reaction, there is a lack of adaptation of the risk criteria or
the target criteria for PAH-specific medication, as these
patients differ from the other PAH groups in terms of
severity, stability, and prognosis of the disease.

Criteria for operability of PAH patients who have not
yet developed Eisenmenger syndrome have been defined by
various expert panels but are inconsistent. Especially in this
patient group, it is difficult to identify predictors that allow
or prohibit shunt closure.

The following criteria could serve as therapeutic targets in
PAH-CHD: stabilization or improvement in functional class
and clinical findings, stable stress test, stable or improved
serum BNP levels a stable or improved RV function (on
echo or MRI), in individual cases, stable or improved
hemodynamics.

The follow-up plan for PAH-CHD is largely consistent
with the general recommendations of the ESC/ERS
guidelines and includes history, functional class, clinical
examination, ECG and long-term ECG, 6-minute walk test,
spiroergometry [cardiopulmonary exercise test (CPET)],
echocardiography, and laboratory investigations.

© AME Publishing Company.

Risk stratification and follow-up in special
situations (e.g., syndromes, trisomy 21, ...)

Approximately 15% of heart defects are syndromically
associated (58). Trisomy 21, the most common chromosomal
aberration worldwide with approximately 1 in 800 births (59),
is associated with CHDs in approximately 40-50% of cases.
Atrioventricular septal defect is the most common, followed
by VSD, less commonly isolated ASD of the secondary
type, and isolated persistent ductus arteriosus (60,61). In
uncorrected shunts, irreversibly fixed PH with shunt reversal
may develop early and may lead to significantly shortened
survival (62,63). Approximately one-third of all patients with
Eisenmenger’s reaction have trisomy 21. There is also an
increased incidence of PH in individuals with trisomy 21,
due to additional genetic, congenital, and environmental
factors (64). Even initially, there is an increased risk for
the occurrence of PPHN (65) and PH occurring later in
life, with an incidence of 1.2-5.2% (65-67), the lifetime
prevalence is not known (68). Affected individuals often fall
into multiple PH classification categories, which complicates
risk stratification and guideline-based therapy (69). An
individualized approach, including invasive hemodynamic
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evaluation if necessary, by pediatric cardiologists and adult
cardiologists with ACHD:s certification and expertise in PH
is therefore required.

Gender aspects

Although precise prevalence data are not yet available, the
female predisposition to PH in CHD is well known (70-72).
The exact pathomechanism has not been fully elucidated to
date, but a relationship with hormonal balance, is discussed.
Currently, sex hormones are thought to lead to a higher
prevalence of PAH in women even with shunt lesion (71).

Data from the Dutch CONCOR registry show that
women with CHD have a 33% higher risk of developing
PAH compared with men (72). In this context, the gender-
specific frequency of CHD also plays an important role
in the female predominance of PAH. Men tend to have
more complex CHD (73,74) and have a higher prevalence
of disease with aortic involvement (70,75). In contrast, in
women, a higher incidence (male-to-female ratio =0.75) has
been observed in recent years (76) of simple shunt defects
(ASD, VSD, and atrioventricular septal defect), which in
turn are more frequently associated with PAH (77).

Future research is particularly needed regarding gender-
specific treatment strategies, taking into account sociocultural
sex (“gender”) (74,78), as this may also have a relevant impact
on manifestation, epidemiology, and pathophysiology (79).
Because gender differences are a nonmodifiable risk factor,
explicit inclusion in the guideline seems essential.

Conclusions

Comprehensive data and controlled studies on the
management of PAH in patients with CHD (PAH-CHD)
are limited. Existing studies typically involve a small number
of patients with simple shunt lesions that have undergone
defect closure, while more complex CHD cases are rarely
included. Consequently, it remains uncertain which patients
truly benefit from targeted PAH therapies.

Given this gap in research, it is crucial to establish
clear recommendations and guidelines for effective
patient management and advice on the classification of
PAH, diagnostic assessments, genetic counseling, gender
considerations, risk stratification, and appropriate follow-up
procedures.

Moreover, it is essential to expand specialized care for
ACHDs and PAH. This care should be delivered by experts
in specialized clinics and practices, in collaboration with

© AME Publishing Company.

patient associations, to ensure that affected individuals
receive the necessary attention and support.
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