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Abstract

Pulmonary arterial hypertension (PAH) is the most serious complication of congenital heart disease (CHD), constituting a heterogeneous
clinical entity classified within Group 1 of the Clinical Classification of Pulmonary Hypertension (PH). PAH associated with congeni-
tal heart disease (PAH-CHD) affects approximately 3—10% of patients with CHD and accounts for up to one-third of all PAH cases in
the adult population. This review provides an educational and up-to-date perspective on the epidemiology, pathophysiology, diagnosis,
and management of PAH-CHD. The updated haemodynamic definitions of the 2022 European Society of Cardiology (ESC)/European
Respiratory Society (ERS) guidelines (mean pulmonary artery pressure (PAP) >20 mmHg) and the importance of contemporary reg-
istries (COMPERA-CHD, HOPE) in defining prognosis are discussed. The pathophysiology is explored in depth, from initial shear
stress to the imbalance in the three canonical pathways that regulate pulmonary vascular functions (endothelin, nitric oxide, prostacy-
clin), the role of inflammation and metabolism, and the central importance of the TGF-8/BMPR2 genetic pathway, which has led to
new disease-modifying therapies. Moreover, this review addresses the crucial clinical distinction between paediatric management, con-
strained by limited evidence, and adult management (ACHD), with a focus on the multisystem disorder of Eisenmenger syndrome (ES)
and the challenges of care transition. The gold-standard diagnostic (right heart catheterisation), the ‘treat and repair’ strategy in the
haemodynamic ‘grey zone’, and the complex risk stratification in this population are also analysed. Additionally, the evidence from key
trials (BREATHE-5, MAESTRO, REPLACE) and the paradigm shift towards initial combination therapy (AMBITION) are reviewed
from a therapeutic perspective. Finally, the most significant advance is highlighted: Sotatercept, a vascular remodelling reversal agent
(STELLAR study), concluding with a review of chronic complications and prospects in the field.

Keywords: hypertension; pulmonary; heart defects; congenital; Eisenmenger complex; molecular targeted therapy; prognosis; paedi-
atrics

1. Introduction 1.1 The Epidemiological Burden in the Modern Era

Pulmonary arterial hypertension (PAH) associated Surgical advances have enabled more than 90% of

with congenital heart disease (PAH-CHD) represents one  cpiidren born with CHD to survive into adulthood [5,6].

of the most formidable complications in the field of modern Consequently, this growing and ageing cohort of adults

cardiology. Defined as Group 1 of the Clinical Classifica- i1, congenital heart disease (ACHD) has changed the epi-
tion of Pulmonary Hypertension (PH), PAH results from a demiological profile of PAH-CHD [7]. It is estimated that
systemic—pulmonary shunt, which exposes the pulmonary

- - this association affects between 3% and 10% of all patients
vasculature to abnormal haemodynamic conditions [1,2].

with ACHD and, notably, accounts for approximately one-
Historically, progression to irreversible pulmonary  third of all PAH cases in the global adult population [8,9].
vascular disease (PVD), culminating in Eisenmenger syn-

drome (ES), was considered an inevitable outcome associ-
ated with limited survival [3,4]. However, the landscape
of PAH-CHD has been transformed by two major develop-
ments: advances in paediatric cardiac surgery and the ad-
vent of targeted therapies (TTs) for PAH.

Contemporary registries have been crucial in defining
this population. The international COMPERA-CHD (Com-
parative, Prospective Registry of Newly Initiated Therapies
for Pulmonary Hypertension) registry has documented that
patients with PAH-CHD [7], particularly those with ES,
have better long-term survival than patients with idiopathic
PAH (IPAH); however, these patients also continue to ex-
perience significant morbidity [8]. Recent data from the
Greek HOPE (Hellenic PulmOnary HyPertension rEgistry)
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have shed light on the impact of modern management strate-
gies. The HOPE demonstrated a significant improvement
in risk stratification at one year, with nearly twice as many
patients achieving low-risk status at follow-up (40.9% vs.
24.7% at baseline). This change was strongly associated
with the early adoption of combination therapy (73.1% of
patients followed up) [9,10]. Despite these achievements,
overall survival remains a challenge; Italian data showed
a S-year survival rate of 80% in patients with PAH-CHD,
which is better than that of IPAH, but remains far from op-
timal [1].

1.2 Updated Haemodynamic Definitions: The 20 mmHg
Threshold

The cornerstone of diagnosing PH is invasive haemo-
dynamic assessment via right heart catheterisation (RHC).
The 2022 guidelines from the European Society of Cardi-
ology (ESC) and the European Respiratory Society (ERS)
introduced a fundamental change by lowering the evidence-
based diagnostic threshold to pulmonary artery pressure
mean (PAPm) >20 mmHg, as values above this level are
associated with increased morbidity and mortality [11].

The updated haemodynamic definition of PH is now
a PAPm >20 mmHg at rest. This definition is further sub-
classified to identify precapillary PAH, which is relevant in
PAH-CHD. The following triad is used to define precapil-
lary PAH:

(1). PAPm >20 mmHg,

(2). Pulmonary capillary wedge pressure (PCWP or
pulmonary artery wedge pressure (PAWP)) <15 mmHg,

(3). Pulmonary vascular resistance (PVR) >2 Wood
Units (WU).

Although 2 WU is the diagnostic threshold, it is cru-
cial to note that guidelines and clinical trials often use a
threshold of 3 WU to define ‘clinically significant’ PAH
that warrants initiation of disease-targeted therapy (DTT)
[1,12].

This didactic review aims to synthesise current knowl-
edge on PAH-CHD, focusing on molecular pathophysiol-
ogy, the crucial distinction between paediatric and adult
management, the evidence behind therapeutic strategies,
and the impact of emerging disease-modifying therapies.

2. Pathophysiology: From Flow to
Irreversible Remodelling

PAH-CHD is a clear example of how an abnormal
haemodynamic stimulus can trigger a cascade of molecu-
lar dysfunction and tissue remodelling. The pathogenesis
is a multiphase process that begins with mechanical stress
and evolves into fixed obliterative vasculopathy (Fig. 1).

2.1 Initial Damage: Flow, Pressure, and Shear Stress

The primum movens of this pathology is systemic—
pulmonary shunting [3,9]. Chronic exposure of the pul-
monary vascular bed, designed for a low-pressure, low-

flow system, to excessive flow (pre-tricuspid shunts such as
atrial septal defect, ASD) or, more aggressively, to systemic
flow and pressure (post-tricuspid shunts such as ventricular
septal defect, VSD, or persistent ductus arteriosus, PDA),
induces chronic shear stress on pulmonary endothelial cells
[13] (Table 1).

Mechanical stress initiates endothelial dysfunction,
marking a critical pathogenic turning point. Consequently,
the dysfunctional endothelial cells alter the associated se-
cretory profile, shifting from an antithrombotic and va-
sodilatory state to a prothrombotic, proinflammatory, and
vasoconstrictive state.

2.2 The Molecular Axis: Imbalance in the Three
Canonical Pathways

Endothelial dysfunction manifests as an imbalance in
three key molecular pathways, which form the basis of all
current targeted therapies (DTT) for PAH [12,14]:

(1). Endothelin (ET-1) pathway (overactivated): ET-1
is the most potent known endogenous vasoconstrictor and a
potent mitogen for vascular smooth muscle cells. In PAH-
CHD, ET-1 levels are elevated, promoting vasoconstriction
and cell proliferation, leading to arterial media hypertrophy.
Endothelin receptor antagonists (ERAs), such as bosentan
and macitentan, block this pathway.

(2). Nitric oxide (NO) pathway (deficient): NO is
a crucial vasodilator produced by endothelial nitric oxide
synthase (eNOS). NO acts by increasing cyclic Guanosine
Monophosphate (cGMP) levels in smooth muscle cells, in-
ducing relaxation. In PAH-CHD, NO production is de-
creased. Phosphodiesterase 5 inhibitors (PDES5i), such as
sildenafil and tadalafil, act by blocking the degradation of
c¢GMP, thereby enhancing NO signalling. Soluble guany-
late cyclase (sGC) stimulators, such as riociguat, act syn-
ergistically by sensitising sGC to endogenous NO and, in
some cases, directly stimulating the enzyme [15,16].

(3). Prostacyclin (PGI2) pathway (deficient): PGI2
is a potent vasodilator and antiplatelet agent that acts via
the cyclic Adenosine Monophosphate (cAMP) pathway.
PGI2 production is reduced in PAH. Prostacyclin analogues
(epoprostenol, treprostinil) and prostacyclin receptor ago-
nists (APRAs), such as selexipag, restore signalling in this
pathway [17].

This imbalance—excess ET-1 and deficiency of
NO/PGI2—tilts the balance towards vasoconstriction, cell
proliferation, fibrosis, and thrombosis in situ, laying the
foundation for vascular remodelling.

2.3 The ‘Second Hit’: Genetics and the BUPR2/TGF-j3
Pathway

Although haemodynamic stress is the initiating factor,
not all patients with haemodynamically similar shunts de-
velop severe PAH. This suggests an underlying genetic sus-
ceptibility, a ‘second hit’ that modulates the response to the
haemodynamic ‘first hit’. The pathway most frequently im-
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Table 1. Clinical classification and characteristics of PAH-CHD (Group 1).

Clinical phenotype

Key characteristics

Typical shunt

Eisenmenger syndrome

PAH with systemic-to-pulmonary
shunt
PAH with small/coincidental de-
fects

Severe pulmonary vascular disease with a large, non-restrictive de-
fect, leading to a reversed or bidirectional (R—L) shunt—results in
central cyanosis.

Moderate to large defect. PVR is elevated but does not yet exceed
systemic resistance. The shunt remains predominantly L-R.

Small defects (e.g., VSD <1 cm, ASD <2 cm) that are not con-
sidered haemodynamically significant enough to cause PAH. The

VSD, PDA, ASD, com-
plex congenital heart dis-
ease

VSD, PDA, ASD

Small VSD/ASD

clinical course is similar to that of IPAH.

PAH after defect correction

the surgical or percutaneous closure of the defect.

PAH that persists (immediate) or develops/recurs (late) years after

Corrected VSD, ASD,
PDA

PAH, pulmonary arterial hypertension; IPAH, idiopathic pulmonary hypertension; VSD, ventricular septal defect; PDA, patent ductus

arteriosus; ASD, atrial septal defect; PVR, pulmonary vascular resistance; L-R, left-right; R—L, right—left.

plicated is that of bone morphogenetic protein receptor type
II (BMPR2), a member of the transforming growth factor
beta (TGF-f3) superfamily [18].

BMPR2 is a key receptor in endothelial cells that nor-
mally promotes antiproliferative, homeostatic signalling.
Mutations in BMPR2 are the most common cause of heredi-
tary PAH (HAPI) and are also found in a significant percent-
age of patients with PAH-CHD, suggesting a shared genetic
predisposition [19].

When BMPR?2 signalling is defective, the balance of
the TGF-8 pathway is disrupted. Antiproliferative sig-
nalling via the BMPR2/SMAD 1/5/8 pathway is reduced,
while pro-proliferative signalling via the ALK-1/SMAD
2/3 pathway is increased, promoting uncontrolled growth of
endothelial cells and smooth muscle, leading to obliterative
remodelling [ 18,20]. This insight represents one of the most
important pathophysiological advances of the past decade,
as it shifts the therapeutic target from simple vasodilation
(the three canonical pathways) to disease modification and
remodelling reversal. This is the basis for the emerging
therapy with Sotatercept, a ligand trap (ActRIIA-Fc fu-
sion protein) designed to sequester pro-proliferative lig-
ands, such as GDF-2/BMP9, and rebalance TGF-3/BMPR2
signalling [21,22].

2.4 Histopathological Findings: The Heath—Edwards
Classification

The progression of PVD follows a predictable
histopathological sequence, classically described by Heath
and Edwards. This classification, although old, remains
fundamental to understanding irreversibility:

* Grade 1: Hypertrophy of the middle layer of the pul-
monary arterioles (reversible change, induced by pressure).

* Grade 2: Proliferation of the intima (cell thickening,
still potentially reversible).

* Grade 3: Intimal fibrosis and progressive luminal oc-
clusion (changes considered largely irreversible).

* Grade 4: Dilatation lesions (angiomatoid) and the
formation of plexiform lesions. These are complex vascu-
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lar tufts, similar to glomeruli, representing disorganised an-
giogenesis and are the hallmark of severe and irreversible
PVD [13].

e Grades 5 and 6: Extensive fibrosis, haemosiderosis,
and necrotising arteritis.

The goal of early surgical correction is to intervene
before Grade 3 or higher changes become established. The
goal of DTT in ES is to alleviate the effects of these already
established lesions.

2.5 The Role of Inflammation, Thrombosis, and
Metabolism

The understanding of PAH-CHD has expanded be-
yond the three canonical pathways and genetics. Today,
it is understood as a complex syndrome in which inflam-
mation, metabolic dysfunction, and thrombosis are active
components of the disease rather than mere consequences.

* Inflammation: Endothelial dysfunction and shear
stress promote the infiltration of inflammatory cells
(macrophages, T/B lymphocytes, mast cells) into the pul-
monary vascular wall. These cells release pro-proliferative
cytokines, such as IL-6, IL-13, and TNF-q, that perpetu-
ate smooth muscle cell proliferation and fibrosis, creating a
vicious cycle of inflammation and remodelling [12].

» Thrombosis: Endothelial dysfunction creates a pro-
thrombotic state. Reduced levels of PGI2 and NO (both an-
tiplatelet agents), together with increased von Willebrand
factor (pro-thrombotic), promote in situ thrombosis in the
pulmonary microvasculature, contributing to vascular oblit-
eration [23].

* Metabolic dysfunction: Similar to cancer cells, pro-
liferative cells in the vascular wall in PAH undergo a
metabolic shift (the “Warburg effect’) towards anaerobic
glycolysis, even in the presence of oxygen. This metabolic
phenotype promotes resistance to apoptosis and uncon-
trolled cell proliferation [12].

In the specific context of PAH-CHD, these patho-
logical processes are uniquely modulated by the chronic
cyanotic environment. Unlike idiopathic PAH, patients
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CHRONIC HEMODYNAMIC STRESS

LI PROSTACICLIN LINO
Vasodilatory/ Vasodilatory/anti
antiproliferative -proliferative
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Fig. 1. Integrated pathophysiology of pulmonary arterial hypertension (PAH) associated with congenital heart disease with a

left-right shunt, in this case caused by a ventricular septal defect (VSD). A schematic of the progression from an anatomical defect

to vascular remodelling and molecular dysfunction. On the left, the heart shows a VSD, which causes a left-to-right shunt resulting in

volume overload (blue arrows) and pressure overload of the right ventricle (hypertrophy, black arrows) and of the pulmonary circula-

tion.. The centre panel compares a cross-section of a normal pulmonary vessel with one affected by PAH, demonstrating how chronic

haemodynamic stress (shear stress and circumferential stretch) induces adverse vascular remodelling (cellular proliferation, intimal and

medial thickening, and luminal narrowing). On the right, key molecular pathways underlying endothelial dysfunction are detailed, char-

acterised by an imbalance favouring vasoconstriction and proliferation (increased endothelin) and downregulation of vasodilatory and

antiproliferative pathways (decreased nitric oxide and prostacyclin signalling). NO, nitric oxide.

with CHD exhibit a state of ‘metabolic inflexibility’ driven
by chronic hypoxaemia. The pulmonary vasculature un-
dergoes a metabolic shift towards glycolysis (the War-
burg effect) even in the presence of oxygen, fuelling the
rapid proliferation of smooth muscle cells. Furthermore,
the secondary erythrocytosis typical of Eisenmenger syn-
drome paradoxically increases shear stress at the endothe-
lial surface due to hyperviscosity, thereby activating pro-
inflammatory and pro-thrombotic pathways. This is often
compounded by systemic iron deficiency, which impairs
mitochondrial function and further promotes the stabilisa-
tion of hypoxia-inducible factor (HIF)-1c, creating a self-
perpetuating cycle of vascular remodelling distinct from
other forms of PAH.

3. Critical Distinction: Paediatric versus
Adult Population

PAH-CHD is not a monolithic entity. The interac-
tion between genetic susceptibility and the type of haemo-
dynamic shunt determines the clinical presentation, dis-
ease progression, and management, which vary dramati-
cally depending on the age of the patient and the underlying
anatomical defect.

3.1 The Time Factor: Anatomy of the Defect and
Progression of PVD

The rate at which irreversible PVD develops depends
critically on the location of the defect, which determines the
nature of the haemodynamic stress:

* Post-tricuspid shunts (VSD, PDA): These defects ex-
pose the pulmonary vasculature directly to systemic pres-
sure and high flow. Shear stress is maximal, and PVD can
develop rapidly, becoming irreversible in early childhood,
sometimes as early as 12-24 months of age [3,24]. Early
surgical correction is imperative.

* Pre-tricuspid shunts (ASD, partial anomalous ve-
nous drainage): These defects mainly cause volume over-
load in the pulmonary circulation, but at low pressure. The
pulmonary vasculature can tolerate this increased flow for
decades. Therefore, PAH-CHD is uncommon in these pa-
tients and typically manifests in adulthood, most often after
the fourth or fifth decade of life [13]. In this setting, PAH
usually involves coincidental vasculopathy or increased ge-
netic susceptibility (e.g., BMPR2 mutation).

3.2 Paediatric Complexity: An ‘Orphan Disease’ Within a
Rare Disease

The management of paediatric PAH is one of the great-
est challenges in cardiology. PH in childhood is rare, and
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its aetiology is diverse, often being associated with ge-
netic syndromes, such as Down syndrome, where PVD may
progress more rapidly [18,25,26]. The challenges are both
diagnostic and therapeutic.

3.2.1 Diagnostic Challenges

* Non-specific symptoms: While adults report ex-
ertional dyspnoea, children or infants present with vague
symptoms such as fatigue, irritability, diaphoresis during
feeding, or failure to thrive.

* Right heart catheterisation challenges: These require
deep sedation or general anaesthesia in children, which sig-
nificantly alters haemodynamics (positive pressure ventila-
tion reduces venous return, and anaesthetic agents can alter
PVR), complicating the interpretation of results [27].

3.2.2 Therapeutic Challenges

The main obstacle in paediatrics is the lack of ro-
bust evidence. Most pivotal clinical trials of DTTs were
conducted in adults, systematically excluding children for
ethical and logistical reasons (small number of patients,
difficulty with endpoints such as 6-minute walk distance
(6MWD)). Therefore, paediatric management is largely
based on:

(1). Extrapolation of adult data: Decisions about
which drug to use and at what dose are based on adult ex-
periences and extrapolated pharmacokinetics, which is sub-
optimal.

(2). Data from small cohorts and surrogate mark-
ers: The available evidence comes from single-centre stud-
ies or small trials using haemodynamic markers, such as
changes in PVR, rather than hard clinical outcomes (mor-
tality, GOMWD) [27].

(3). Limited specific studies: Some data support the
use of oral sildenafil [28] and inhaled treprostinil [29] in
children, demonstrating short-term safety and efficacy.

Meanwhile, paediatric guidelines emphasise the im-
portance of RHC in guiding therapy and highlight the need
for management in highly specialised centres [24,27].

The scarcity of robust data creates significant clinical
dilemmas. Paediatric management remains largely empiri-
cal, relying on the off-label use of adult-approved therapies
where optimal dosing—accounting for rapid developmental
changes in metabolism—remains uncertain. Furthermore,
standard adult endpoints, such as the 6MWD, are often in-
feasible or unreliable in young children due to developmen-
tal immaturity. Future research must urgently pivot away
from extrapolating adult data. Priorities should include
the validation of paediatric-specific multi-modal endpoints,
such as actigraphy for functional assessment and cardiac
magnetic resonance (CMR) for right ventricular adaptation,
as well as the design of “basket trials” that group rare pae-
diatric PH phenotypes to achieve statistical power, aiming
to define whether early aggressive intervention can prevent
the establishment of irreversible plexiform lesions.
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3.3 ACHD: Physiology of the ‘Natural Survivor’

In contrast to children, adults with PAH-CHD, es-
pecially those with ES, are ‘natural survivors’. Indeed,
the physiology of these adults has chronically adapted to
hypoxemia and pulmonary hypertension over decades [9].
Hence, management in adults focuses less on cure, which is
often no longer possible, and more on managing a complex
multisystem disorder.

The key concept is right ventricular (RV) adaptation.
Unlike a patient with IPAH who develops PAH in adult-
hood and presents with acute RV failure (an ‘unprepared’
RV), a patient with CCHD has lived with pressure overload
since birth. This results in much more pronounced RV hy-
pertrophy and adaptation, enabling preservation of systolic
function and ventriculo-arterial coupling for a much longer
period, despite suprasystemic PVR [30-32].

This unique adaptation explains why patients with ES
have better survival than patients with HAPI, despite equiv-
alent PVR, and why standard risk scores fail (as discussed
in Section 4.4). Therefore, management of the adult focuses
on addressing the consequences of this chronic adaptation:

* Haematological: Secondary erythrocytosis, iron de-
ficiency, thrombocytopenia, coagulopathy.

* Renal: Cyanotic nephropathy, hyperuricaemia and
gout.

» Musculoskeletal: Hypertrophic osteoarthropathy.

« Cerebral: Brain abscesses, strokes.

Consequently, the follow-up of these patients neces-
sitates a structured transition from dedicated paediatric PH
centres to specialised ACHD and PAH programmes, ensur-
ing continuity of multidisciplinary expertise throughout the
lifespan of the patient.

3.4 The Blind Spot: The Failure of the ‘Transition of Care’

A critical challenge that unites the paediatric and adult
services is the ‘transition of care’. Paediatric patients with
PAH-CHD, who have often been managed intensively, are
frequently ‘lost’ to the healthcare system during adoles-
cence and early adulthood. Many discontinue paediatric
follow-up and do not establish care with an adult ACHD
centre.

This lapse in follow-up represents a period of marked
vulnerability. The AHA/ACC guidelines emphasise the
need for structured transition programmes to educate pa-
tients about their disease, support treatment adherence and
formally transfer care to an adult ACHD/PAH team [5,6].
Failure to transition appropriately is a common cause of pre-
ventable clinical deterioration.

4. Diagnosis and Haemodynamic
Stratification

The diagnosis of PAH-CHD is a stepwise process
ranging from non-invasive suspicion to invasive confir-
mation, the latter being the final arbiter for therapeutic
decision-making.
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4.1 Non-invasive Evaluation: The Role of Transthoracic
Echocardiography (TTE)

TTE is the first-line screening tool for pulmonary hy-
pertension [1,33]. Moreover, TTE enables estimation of
pulmonary artery systolic pressure (PASP) using the max-
imum tricuspid regurgitation velocity (TVR max). How-
ever, in the context of CHD, TTE has significant limitations
[34]. For example, in severe pulmonary stenosis, the TVR
max will be high but will reflect the stenosis gradient, not
PAH.

In addition to pressure estimation, the most important
role of the TTE in PAH-CHD is to assess right ventricular
(RV) morphology and function, which are key prognostic
predictors. Signs of severe RV pressure overload include:

* RV hypertrophy and dilation.

* Flattening of the interventricular septum (D-shaped
LV).

* Right atrial dilation.

* RV systolic function measurements (TAPSE, tissue
S’ wave).

A composite score of four echocardiographic param-
eters (TAPSE <15 mm, right atrial area >25 cm?, RA/LA
ratio >1.5, and RV systolic/diastolic duration ratio >1.5)
has been shown to be strongly associated with survival in
adults with ES [35].

4.2 The Gold Standard: Right Heart Catheterisation
(RHC)

If PAH is strongly suspected, RHC is mandatory to
confirm the diagnosis, classify haemodynamics and, funda-
mentally, determine the operability of the defect [1,27]. Al-
though RHC is not without risks (morbidity of 1.1%, mor-
tality of 0.055% in expert centres), this technique remains
irreplaceable [36].

In patients with shunts, RHC is technically demanding
and requires:

(1). Flow measurement: Calculation of pulmonary
(Qp) and systemic (Qs) flow to determine the magnitude
of the shunt (Qp/Qs).

(2). Calculation of resistances: The calculation of
PVR should use Qp as the denominator (PVR = (PAPm —
PECP) / Qp), not systemic cardiac output (Qs), to avoid un-
derestimating the actual resistance of the pulmonary vascu-
lature.

(3). Acute vasoreactivity test (AVT): This test is ide-
ally performed with inhaled nitric oxide (iNO) to determine
whether high PVR is fixed or reversible.

4.3 Risk Stratification: A Unique Challenge in PAH-CHD

Once a diagnosis is established and the disease is
considered inoperable (ES) or high risk, risk stratifica-
tion is essential to guide the intensity of therapy. The
ESC/ERS guidelines propose a three-tiered approach (low,
intermediate, high risk) based on symptoms (WHO Func-
tional Class), exercise capacity (6MWD), biomarkers (NT-

proBNP), and haemodynamic/echocardiographic parame-
ters (Table 2).

However, the direct application of risk scores devel-
oped for HAPI, such as the US REVEAL 2.0 or the 4-
stratum score from the ESC/ERS guidelines, to the popula-
tion with PAH-CHD is problematic and may lead to a dan-
gerous underestimation of risk [37]. The reason for this is
the “natural survivor” physiology discussed above. Patients
with ES, due to the associated chronic RV adaptation and a
right-to-left shunt that maintains systemic cardiac output at
the expense of oxygen saturation, often present with:

* Better than expected 6MWD (patients can walk fur-
ther, although more desaturated).

* Paradoxically lower NT-proBNP levels than patients
with PAH with equivalent PVR, as the associated RV is hy-
pertrophied and adapted, not actively failing.

* Preserved RV systolic function (TAPSE, S’) for
longer [30-32].

A patient with ES classified as “intermediate risk” ac-
cording to these parameters may actually be in a far more
precarious condition. Registries have identified specific
predictors of mortality in PAH-CHD/ES that differ from
those observed in IPAH.

Key predictors of death in ES include:

* Resting oxygen saturation (SpO2 <85%).

* Functional class (FC III or IV).

* Elevated NT-proBNP levels (although the threshold
may be different).

* Renal dysfunction (cyanotic nephropathy).

* Anaemia (iron deficiency).

» Echocardiographic parameters of RV dysfunction
(e.g., Moceri score) [30,35].

Therefore, a critical need exists to use validated risk
models specifically for PAH-CHD, or, if such models are
unavailable, to interpret standard scores with extreme cau-
tion, placing greater weight on oxygen saturation and renal
function than in HAPI [30,37] (Table 2).

4.4 The Role of Biomarkers Beyond NT-proBNP

Although NT-proBNP is a pillar in the risk stratifica-
tion of PAH, the usefulness of NT-proBNP in ES is, as men-
tioned, limited by a ‘reduced’ response from the adapted
RV. Therefore, a multi-marker approach is essential in the
management of ACHD. Of particular interest in this context
are the following aspects:

Current risk stratification tools (e.g., REVEAL 2.0 or
ESC/ERS 3-strata model) have significant limitations in
PAH-CHD, as these tools do not adequately account for the
unique pathophysiology of these patients. Key unmet needs
in this area include:

* Oxygen saturation: The prognostic value of resting
and exercise-induced hypoxaemia in cyanotic patients.

* Renal and hepatic function: The impact of chronic
multi-organ congestion and hyperviscosity.
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Table 2. One-year mortality risk stratification in PAH (adapted from ESC/ERS 2022 guidelines).

Parameter Low risk (<5%)  Intermediate risk (5-20%) High risk (>20%)
Clinical exercise
WHO FC L1I I v
Symptom progression No Slow Rapid
Syncope No Occasional Repeated
6MWD >440 m 165-440 m <165 m
Bk
NT-proBNP <300 ng/L 300-1400 ng/L >1400 ng/L
Imaging (Echo)
Right atrium area <18 cm? 18-26 cm? >26 cm?
Pericardial effusion No Minimal Yes
Haemodynamics
RAP <8 mmHg 8-14 mmHg >14 mmHg
Cardiac index (CI) >2.5 L/min/m? 2.0-2.4 L/min/m? <2.0 L/min/m?
Mixed venous Oz sat (SvO3) >65% 60-65% <60%

Didactic note: This table, designed for IPAH, must be applied with caution for PAH-CHD. ES patients are
often under-stratified (e.g., ‘falsely’ better 6 MWD and NT-proBNP) due to the associated unique physiology.
6MWD, 6-minute walk distance; NT-proBNP, N-terminal fragment of B-type natriuretic propeptide; WHO
FC, functional class of the World Health Organisation; Bk, biomarkers; RAP, pressure in the right atrium.

* RV assessment: The need for CHD-specific right
ventricular function variables beyond simple TAPSE (e.g.,
strain or MRI-derived volumes).

5. Targeted Therapeutic Management: From
Palliative Care to Remodelling

The management of inoperable PAH-CHD (ES) has
shifted from a purely symptomatic approach to a proactive
one using DTTs, based on evidence from trials in [IPAH and,
more recently, specific studies of PAH-CHD.

5.1 Treatment Goals and Escalation Strategy

The primary goal of DTTs is not merely symptom
relief but modification of the disease prognosis. Modern
PAH guidelines have established a clear therapeutic goal:
to achieve and maintain a low-risk state [1,14]. This state
is defined by a stable patient profile that includes:

* WHO functional class (FC) I or II.

* Robust exercise capacity (e.g., SOMWD of >440 me-
tres).

» Normal or near-normal NT-proBNP levels.

» Echocardiographic parameters showing no signifi-
cant RV overload or dysfunction.

* Low-risk haemodynamics (e.g., cardiac index >2.5
L/min/m?, right atrial pressure <8 mmHg).

The strategy for achieving this goal is based on ini-
tial risk stratification. Patients at intermediate or high risk
should start with combination therapy, and those who do
not achieve low-risk status at follow-up (typically at 3—6
months) should be escalated to triple therapy, usually by
adding a prostacyclin pathway drug [1,14]. This proactive,
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goal-based approach has been shown to improve overall
survival in PAH and is supported by data from PAH-CHD
registries such as HOPE [10].

5.2 The Paradigm Shift: Initial Combination Therapy

Historically, treatment began with monotherapy (usu-
ally an iPDES5 or an ERA) and was only escalated after clin-
ical deterioration (sequential therapy). This strategy has
been questioned for failing to adequately treat the disease
from the outset.

The AMBITION study (2015), although this study did
not include patients with PAH-CHD, was a milestone in
demonstrating that initial combination therapy (ambrisen-
tan + tadalafil) was superior to monotherapy in patients with
PAH (Group 1), reducing the risk of clinical failure by 50%
[38].

This finding, together with registry data such as that
from the HOPE study, which shows improved prognostic
outcomes with combination therapy, has shifted the stan-
dard of care. Current ESC/ERS guidelines recommend ini-
tial oral combination therapy (an ERA and an iPDES5) for
most intermediate-risk patients. More recent studies have
even explored initial triple therapy (ERA + iPDES + selex-
ipag), although the evidence of superiority over initial dual
therapy remains uncertain [39,40].

5.3 Specific Evidence in PAH-CC: ERAs, iPDES, and
Prostanoids

Although much of the therapy is extrapolated, there
are specific pivotal trials for ES (Table 3, Ref. [17,22,38,
41,42]):
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Table 3. Pivotal clinical trials in the management of PAH-CHD and PAH (Group 1).

Trial (acronym) Drug/mechanism  Population

Key finding (endpoint)

BREATHE-5 (2006) [41] Bosentan (dual

ERA)

Macitentan ES
(dual ERA)

MAESTRO (2019) [42]

AMBITION (2015) [38] Ambrisentan +
Tadalafil (ERA
+ PDES5i)
GRIPHON (2015) [17] Selexipag (Oral
Prostacyclin Re-
ceptor Agonist)
STELLAR (2023) [22] Sotatercept
(TGF-p  path-

way modulator)

Eisenmenger syndrome (ES)

HAPI (PAH Group 1)

HAPI (PAH Group 1)

HAPI (PAH Group 1)

Seminal trial that demonstrated significant improvements
in 6MWD and haemodynamics (PVR reduction). Proved
DTT was safe and effective in ES.

Did not meet the primary 6MWD endpoint. Met key
secondary endpoints (PVR reduction, NT-proBNP). High-
lights that 6MWD is a poor endpoint in ES.

Demonstrated the superiority of upfront dual combination
therapy over monotherapy (50% reduction in clinical fail-
ure). Now the standard of care.

Demonstrated that adding an oral prostacyclin-pathway
agent significantly reduced the composite morbidity and
mortality endpoint.

Paradigm shift. Added to background therapy, it dramat-
ically improved 6MWD and PVR, and reduced clinical
worsening by 84%. Represents disease modification.

Note: Most pivotal trials were not specifically designed for PAH-CHD; clinical recommendations are often derived from subgroup analyses

and extrapolation from IPAH data.

ERA, endothelin receptor antagonist; DTT, disease-targeted therapy; PDESi, phosphodiesterase 5 inhibitors; HAPI, hereditary pulmonary

arterial hypertension.

o Endothelin receptor antagonists (ERAs):

o BREATHE-5 (bosentan): This seminal trial (2006)
demonstrated that bosentan (a dual ERA) significantly im-
proved the primary endpoint of exercise capacity (6MWD)
and haemodynamics (decreased PVR and increased cardiac
index) compared with placebo in patients with SE [41,43].

o MAESTRO (macitentan): This trial (2019) evalu-
ated macitentan, a next-generation ERA, in patients with
PAH. Interestingly, the study did not meet its primary end-
point of improving 6MWD at 16 weeks. However, the
study did meet key secondary haemodynamic and biologi-
cal endpoints, showing a significant reduction in PVR and
NT-proBNP levels [42]. This discordant result is didac-
tically important: it suggests that 6MWD is a suboptimal
endpoint in patients with ES. These patients are often lim-
ited more by cyanosis (shunt) than by RV cardiac output;
therefore, a DTT that improves PVR may not immediately
translate into improved walking distance, even though it
is improving the underlying biology (as reflected by NT-
proBNP).

o PDES inhibitors (iPDES):

o Multiple studies have demonstrated that PDES5 in-
hibitors (sildenafil, tadalafil) improve exercise capacity and
haemodynamics in patients with ES [16,28]. Some studies
have explored the combination of ERA + PDES inhibitors,
showing improvements in oxygen saturation and haemody-
namics, although not always in 6 MWD [44].

o Prostacyclin pathway (prostanoids and APRAs):

o Evidence for this pathway in PAH-CHD is more lim-
ited. The GRIPHON study (2015), which evaluated selexi-
pag (an oral APRA), included a small subgroup of patients

with corrected PAH-CHD, showing benefit [17,45]. The
use of selexipag in uncorrected (cyanotic) ES is more cau-
tious due to the theoretical risk of worsening right-to-left
shunting.

o Parenteral therapy (e.g., subcutaneous or intra-
venous treprostinil, epoprostenol) is reserved for the most
severe and high-risk cases (CF IV), often as ‘rescue’ ther-
apy added to dual oral therapy [46,47]. Observational stud-
ies have shown that the addition of parenteral prostanoids
in patients with SE who do not respond to oral therapy can
improve haemodynamics and functional capacity [46].

5.4 “Treat-and-Repair” Strategy.: A Bridge to Operability.

The “treat-and-repair” strategy represents the most ad-
vanced application of targeted therapy: using drugs not just
for palliation but to modify the disease course sufficiently
to enable a curative intervention. This approach is intended
for patients in the “grey zone” (PVR 4-8 WU). The protocol
involves an initial period of aggressive combination therapy
(typically 6-12 months) to reverse the reversible compo-
nent of vasoconstriction. Success is defined not by symp-
tomatic improvement alone but by strict haemodynamic cri-
teria (PVR <4 WU, Qp/Qs >1.5), confirmed by a repeat
RHC, thereby allowing for safe defect closure.

The RHC stratifies patients into three categories that
dictate management (Fig. 2):

(1). Operable (low PVR): Generally defined by a
PVR <4 WU?2. These patients should be referred for de-
fect closure (surgical or percutaneous) [3,28].

(2). Inoperable (ES): Defined by a PVR >8 WU?
or a PVR that is a very high fraction of systemic resistance
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(PVR/systemic vascular resistance (SVR) >0.5-0.75). In
these patients, the shunt acts as a safety valve for the RV.
Closure of the defect is absolutely contraindicated, as it
would eliminate this safety valve, causing acute RV failure
and death [4,13]. Management is palliative with a DTT.

(3). The “grey zone” (borderline PVR): Defined by
a PVR between 4 and 8 WU?, these patients represent the
greatest clinical challenge. Closure of the defect is high risk
because it may lead to early or late postoperative PAH.

For patients in this “grey zone”, a “treat-and-repair”
strategy has been established [13,28], representing a funda-
mental change in management that avoids high-risk defect
closure. This strategy involves:

* Initiating DTTs (usually a combination therapy) for
PAH.

» Waiting several months (6—12) to allow the DTT to
reduce the PVR.

* Performing a second RHC to reassess haemodynam-
ics.

+ If PVR has decreased significantly (e.g., <4 WU?)
and AVT is favourable, low-risk closure of the defect may
be considered.

5.5 Therapeutic Failures and the Logic of Combination:
The REPLACE Trial

This therapeutic strategy is not without failures. Im-
portantly, ‘more’ is not always ‘better’. The RE-PLACE
trial (2021) challenged the common practice of switching
from an iPDES to riociguat (sGC) in patients who did not re-
spond adequately. The study did not demonstrate the supe-
riority of switching to riociguat over continuing iPDES5 ther-
apy (both in combination with an ERA). In fact, there were
more treatment discontinuations due to hypotension in the
riociguat group [48]. This suggests that once the NO/cGMP
pathway is being treated, switching agents within the same
pathway may not offer additional benefits and may in-
crease side effects. These findings support the rationale
for multi-pathway combination therapy (acting on different
pathways) rather than sequential monotherapy or switching
agents.

5.6 The Paradigm Shift: Disease-Modifying Therapies
(Sotatercept)

The development of sotatercept represents the most
significant advance in PAH therapy in a decade. As dis-
cussed in the pathophysiology section, this drug is not a
vasodilator. It is a fusion protein (an ActRIIA-Fc trap lig-
and) that rebalances BMPR2/TGF-f3 signalling, promotes
antiproliferative signalling, and actively reverses vascular
remodelling [18,21].

The Phase 3 STELLAR trial (2023) evaluated sotater-
cept added to optimised baseline therapy (most patients
were already on triple therapy) in patients with PAH, in-
cluding a subgroup of corrected PAH-CC. The results were
compelling:
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e The primary endpoint, change in 6MWD at 24
weeks, improved by 40.8 metres in the sotatercept group
[22].

e The sotatercept group showed dramatic improve-
ments in 8 of 9 secondary endpoints, including a 40% mean
reduction in PVR and an 84% reduction in the risk of death
or clinical deterioration [22].

Sotatercept represents a paradigm shift from vasodila-
tor palliation to biological modification of the disease.
However, the role of sotatercept in uncorrected (ES) PAH-
CHD remains to be defined; nonetheless, sotatercept treat-
ment opens the possibility of ‘reversing’ PVR in the future.

While sotatercept represents a paradigm shift, inte-
grating this therapy into the PAH-CHD algorithm requires
careful clinical stratification. In patients with uncorrected
ES, a specific concern is the potential of the drug to increase
haemoglobin levels and cause telangiectasias. Given that
ES patients already face a precarious balance between sec-
ondary erythrocytosis, thrombocytopenia, and a bleeding
diathesis, the safety profile regarding thrombotic and haem-
orrhagic events must be rigorously evaluated in this spe-
cific sub-population. A key unanswered question remains
its optimal sequencing: should it be reserved for patients
who have failed triple therapy, or introduced earlier to ex-
ploit its anti-remodelling potential? Ongoing trials such as
ZENITH and HYPERION will be pivotal in determining if
reversing vascular remodelling can reopen a window for op-
erability (“treat-and-repair”) in defects previously deemed
inoperable.

5.7 Supportive Therapies

The management of PAH-CHD is not limited to
DTTs—supportive therapies are essential for managing
symptoms and improving quality of life:

o Diuretics: Essential for managing volume overload
and right heart failure.

e Oxygen therapy: Although controversial in PAH
(since hypoxaemia is due to shunting rather than lung dis-
ease), oxygen therapy is used to improve saturation at rest,
during exercise, or during air travel.

o Rehabilitation and exercise: Historically discour-
aged, supervised physical training (rehabilitation) has been
shown to be safe and effective in patients with stable PAH,
improving exercise capacity and quality of life [49].

6. Management of Chronic Complications in
ES

The management of patients with ES is an exercise in
internal medicine and palliative care, focused on anticipat-
ing and treating the sequelae of chronic hypoxaemia.

6.1 Haematological Complications: The Balance Between
Thrombosis and Haemorrhage

e A. Secondary erythrocytosis: Chronic hypox-
aemia stimulates erythropoietin, leading to polycythaemia.
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PAH-CHD Diagnosis. RHC Assessment (Baseline PVR)

PVR 4-8 WU (Grey Zone):
Treat-and-Repair Strategy

Aggressive DIT (6-
12 months)

Defect Closure

Repair
(iopan) Responders

<3WU

Re-evaluation
(RHC)

PVR >8WU

Non-responders

Eisenmenger
Medical therapy only

Medical Therapy

Fig. 2. Proposed diagnostic and therapeutic algorithm incorporating the “treat-and-repair” strategy. This flowchart summarises

contemporary clinical management for patients with PAH associated with congenital systemic-to-pulmonary shunts, such as VSD, pre-

senting with elevated pulmonary vascular resistance (PVR) at baseline. The algorithm emphasises the critical role of comprehensive

haemodynamic evaluation. The “treat-and-repair” strategy entails initiating specific pulmonary vascular-targeted drug therapy (often up-

front combination therapy) to reverse vascular remodelling and lower PVR. Haemodynamic re-evaluation after pharmacological treatment

is indicated to identify patients who have achieved established criteria for operability, subsequently permitting surgical or percutaneous

closure of the defect (repair) with reduced perioperative risk. RHC, right heart catheterisation; PVR, pulmonary vascular resistance;

DTT, disease-targeted therapy; WU, Wood units.

Unlike polycythaemia vera, this erythrocytosis is an adap-
tive response. However, when excessive (Hct >65%), this
response can lead to hyperviscosity syndrome (headache,
dizziness, blurred vision).

o Management: Routine phlebotomy is strongly con-
traindicated [9]. Repeated phlebotomy induces iron defi-
ciency, which results in microcytic red cells that increase
blood viscosity at a given haematocrit, paradoxically in-
creasing the risk of stroke. Phlebotomy is reserved only
for acute symptoms of hyperviscosity and should always
be followed by volume replacement (isovolaemic) [3].

e B. Iron deficiency: This is common (due to mi-
crobleeds) and deleterious. Iron deficiency, even without
anaemia, is associated with poorer functional capacity and
survival [50]. Careful treatment with oral iron supplements
is essential.

o C. The anticoagulation paradigm: Thrombosis vs.
haemorrhage: Patients with ES live in a haematological
paradox. These patients have a high risk of in situ pul-
monary artery thrombosis (20—30% of patients) due to flow
stasis in dilated pulmonary arteries, endothelial dysfunc-
tion, and hyperviscosity [23]. Meanwhile, these patients
are also at high risk of haemorrhage (thrombocytopenia, im-
paired platelet function, fragile bronchial collaterals).
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o Management: Routine anticoagulation is not rec-
ommended. This treatment option is reserved for patients
with clear indications: atrial fibrillation, previous paradox-
ical embolism, or confirmed extensive pulmonary thrombi
[3,51]. The choice of agent is complex. Data on direct
oral anticoagulants (DOACs) in ACHD are limited; stud-
ies such as that by Freisinger ef al. [52] suggest that the
use of DOAC: is increasing, but the safety of these agents
in patients with cyanotic shunts (especially right-to-left) re-
mains unestablished. Complex anatomy, renal dysfunction,
and drug interactions mean that expert centres must individ-
ualise management with warfarin or DOACs.

6.2 Cardiovascular and Pulmonary Complications

o Left coronary artery compression (LCA): In severe
PAH, the pulmonary artery (PA) can dilate massively (diam-
eter >40 mm), compressing the left main coronary artery
between the PA and the aorta. This can cause angina, is-
chaemia, or sudden death. Diagnosis is made by com-
puted tomography (CT) angiography, and treatment is usu-
ally LCA stenting [53,54].

e Haemoptysis: This is a feared and potentially fatal
complication. Haemoptysis may be due to rupture of frag-
ile bronchial collateral vessels that receive flow from the
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high-pressure systemic circulation, or, less commonly, to
pulmonary thrombosis/infarction. Bronchial artery emboli-
sation is used to manage massive haemoptysis.

o Arrhythmias: Atrial fibrillation and flutter are com-
mon due to extreme dilatation of the right atrium from
chronic pressure overload. These conditions have a very
poor prognosis, increase the risk of thrombosis, and require
anticoagulation [4].

6.3 Systemic Complications (Neurological, Renal, and
Gout)

o Neurological events: Patients with ES are at high
risk for central nervous system (CNS) complications.

o Cerebrovascular accident (CVA): This may be
thrombotic (due to hyperviscosity, atrial fibrillation) or,
more commonly, a paradoxical embolism. Any thrombus
formed in the venous system (e.g., deep vein thrombosis)
can cross the right-to-left shunt (VSD, ASD) and lodge in
the cerebral circulation.

o Cerebral abscess: The liver normally filters bacteria
from the portal system. In the presence of an R—L shunt,
systemic venous blood, which may contain transient bacte-
ria, bypasses both the pulmonary and hepatic filters, poten-
tially seeding the brain and causing abscesses, a complica-
tion associated with high mortality [4].

e Cyanotic nephropathy and gout: Chronic hy-
poxaemia and erythrocytosis induce renal haemodynamic
changes (hyperflow, glomerular hyperfiltration). Over
time, this leads to focal and segmental glomerulosclerosis,
resulting in cyanotic nephropathy. Clinically, this man-
ifests as proteinuria and eventually chronic renal failure,
which is an independent predictor of poor prognosis [4]. In
addition, hyperviscosity and high cell turnover in erythro-
cytosis increase uricacid production, while decreased renal
function reduces its excretion, leading to hyperuricaemia
and secondary gout.

o Hypertrophic osteoarthropathy: Chronic hypox-
aemia induces proliferation in the periosteum in long bones,
causing significant bone and joint pain (acropachy or ‘club-
bing’ of the fingers is the most visible manifestation) [4].

6.4 Pregnancy: An Absolute Contraindication

Pregnancy poses the greatest risk for a woman with
ES. The physiological changes of pregnancy (increased in-
travascular volume, dilutional anaemia, a hypercoagula-
ble state, and, critically, a fall in SVR) are catastrophic.
The drop in SVR worsens the right-to-left shunt, deepen-
ing cyanosis. The highest risk of death (30-50% maternal
mortality) occurs during delivery or the postpartum period,
due to haemodynamic collapse from blood loss and the sud-
den increase in SVR as the uterus contracts [55,56].

In addition to the immediate risks, pregnancy should
be viewed as a physiological ‘stress test’ for the cardiovas-
cular system and a critical prognostic window for identi-
fying high-risk young women. Information on pregnancy-
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related history (e.g., hypertensive disorders or gestational
diabetes) remains essential for long-term cardiovascular
risk stratification, even in women with repaired or less ad-
vanced disease.

o Management: Pregnancy is contraindicated [1,4,
55]. Rigorous contraceptive counselling and the use of
long-acting reversible contraception are imperative. It is
important to note that drugs such as ERAs and riociguatare
are teratogenic [15].

7. Transplantation and Future Prospects
7.1 Transplantation as a Last Resort

For patients with ES and PAH-CHD who progress to
RV failure refractory to maximum DTTs, transplantation is
the only remaining therapeutic option [5,9]. The criteria for
referral to the transplant list are those for high-risk PAH:
persistent CF III-IV, 6MWD <300 m, recurrent syncope,
diuretic—refractory RV failure, or development of massive
haemoptysis or LCA compression.

The choice of procedure is complex:

(1). Heart-lung transplantation: This was the his-
torical standard, as it replaces both failed systems.

(2). Bilateral lung transplantation + defect repair:
This is currently the preferred strategy. Hypertrophied
RV can often recover remarkably once faced with a low-
resistance pulmonary vascular bed. This strategy preserves
the native heart and optimises the allocation of donor organs
[57,58].

Post-transplant survival in ES is comparable to or su-
perior to that in HAPI, with reported 1-, 5-, and 10-year
survival rates of approximately 73%, 51%, and 28%, re-
spectively [3,58].

7.2 Future Directions: Towards Precision Medicine

The future of PAH-CHD management focuses on
shifting from a reactive to a proactive and personalised ap-
proach:

(1). Specific risk models: There is an urgent need to
develop and validate risk scores (similar to REVEAL [37])
that are specifically designed for the unique physiology of
PAH-CC, incorporating RV function and biomarkers.

(2). Reducing dependence on RHC: RHC is inva-
sive. The development of more robust non-invasive tools
(3D ECHO, RV strain, cardiac magnetic resonance imaging
to measure flow and PVR) is key for long-term follow-up
[33,34,59].

(3). Additional remodelling therapies: In addition
to sotatercept, other disease-modifying pathways targeting
inflammation, metabolism, and proliferation are being in-
vestigated, such as tyrosine kinase inhibitors (seralutinib)
and other modulators of metabolic and epigenetic pathways
[12,18,48].

(4). Artificial intelligence (AI): The use of deep
learning to integrate multimodal data (clinical, genetic,
imaging, haemodynamic) will enable the prediction of dis-
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ease trajectories and the identification of optimal therapeu-
tic windows before clinical deterioration.

8. Conclusions

PAH-CHD has evolved from a uniformly fatal con-
dition to a manageable, albeit complex and multisys-
temic, chronic disease. Updated haemodynamic definitions
(mPAP >20 mmHg) may allow for earlier identification,
while registries such as COMPERA and HOPE confirm that
targeted therapy, especially initial combination therapy, has
tangibly improved prognosis.

Management remains a didactic challenge, with a sig-
nificant gap between the paediatric population, where ev-
idence is scarce, and the adult population (ACHD), where
the focus is on the multi-organ sequelae of ES. The cor-
nerstone of diagnosis remains RHC, which is essential for
defining operability and guiding the “treat and repair” strat-
egy in borderline cases.

The future is promising. The success of sotatercept
in the STELLAR trial heralds a paradigm shift away from
mere palliative vasodilation toward active disease modifi-
cation and reversal of vascular remodelling. As research
advances towards precision medicine, the clinical manage-
ment of PAH-CHD continues to require a multidisciplinary
and highly specialised approach to navigate this unique and
challenging physiology.
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