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Fontan associated liver
disease
Introduction quality of life is not currently a reality, as multiple organ
system dysfunction progresses. The hallmark of the
The Fontan palliation was introduced in 1968 to treat Fontan circulation is a sustained, abnormally elevated
all types of congenital h1e2art disease (CHD) with central venous pressure combined with decreased
single-ventricle  anatomy. Consequently,  the cardiac output (CO), especially during periods of

worldwide population of patients with Fontan circulation
is dramatically growing, with 40% of patients >18 years
of age, and a current estimate of 30-year survival of
about 85%.%* Despite this remarkable improvement in
survival, ensuring these patients a normal duration and

increased demands, resulting in a cascade of
physiological consequences®>® (Figure 1). Major
complications faced by these patients include heart
failure, arrhythmias, and end-organ dysfunction such as
protein losing enteropathy (PLE), plastic bronchitis (PB),

pulmonary and liver disease’ " (Figure 2).
*Corresponding author. Tel: +34 06411801, fax: 081/7062501, The aim of this review is to describe common
Email: rosariabarracano@libero. it complications of Fontan circulation, to propose a clinical
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and mortality risk score to better stratify this complex
population as well as to explore the current state of art
in catheter interventions and transplant.

Risk stratification in adults with a Fontan
circulation: novel insights

The Fontan operation was first described in 1968 with the
publication of three successful cases. Since then,
numerous variations of the original procedure have
been performed. Over the past 57 years, survival of
patients with Fontan circulation has steadily improved.
However, there remains ongoing debate regarding
the optimal surgical technique, particularly comparing
atriopulmonary connection vs. lateral tunnel vs.
extracardiac total cavopulmonary connection.
Increasingly, children not only survive the initial
procedure but also constitute a growing adult population,
with many reaching their 40s or beyond. >

Ao

pressure

cv

Figure 1 Pathophysiology of the Fontan circulation (courtesy of Dr
Sébastien Hascoét). CV, central veins; PA, pulmonary artery; LA, left
atrium; V, ventricle; Ao, aorta.

Plastic Bronchitis

It would be highly valuable to be able to estimate survival
at 5, 10, or 15 years in adults with a Fontan circulation.®*
Such prognostic information would guide long-term
decisions regarding life planning and medical
management, including referral time to cardiac
transplant. Indeed, it is important to consider that
complications related to the Fontan circulation are
frequently multisystemic. The musculoskeletal system may
be affected, with reduced bone mineral density, reduced
lean mass, vitamin D deficiency, and growth hormone
abnormalities. The lungs can be compromised by the
presence of collaterals, arteriovenous malformations, PB,
parenchymal lung disease, and increased pulmonary
vascular resistance (PVR). Liver disease includes cirrhosis,
portal hypertension, and tumour development. Kidney
injury, often underestimated by creatinine measurements,
is common and contributes to renal impairment. Fertility is
reduced with a higher miscarriage rate and pregnancy is
associated with increased morbidity and mortality risks.
Chronically elevated venous pressure also contributes to
splenomegaly, PLE, diarrhoea, and lymphatic dysfunction,
all of which strain the lymphatic system and lead to
progressive failure. The brain may be affected by the
long-term cyanosis and surgical complications. From a
cardiac perspective, complications include systolic and
diastolic dysfunction of the systemic ventricle, valve
disease, myocardial fibrosis, Fontan pathway stenosis,
arrhythmias, and thrombosis.>

Multicentre studies have identified predictors of survival.
Constantine et al. recently examined risk factors for
freedom from death or transplantation in patients over 40
years old, highlighting low serum albumin, prior heart
failure admissions, prior atrial arrhythmias, and pulmonary
vasodilator therapy as adverse predictors.' Similarly,
Diller et al. showed that age, arrhythmias, and symptoms
of heart failure were associated with death,
transplantation, or hospitalization,'> while Cordina et al.
identified echocardiographic predictors such as systolic/

Pulmonary arteriovenous malformations

‘ Fontan Circulation |

Venovenous collaterals

FALD

Normal Restrictive

Restrictive lung
disease/sleepdisorders

Figure 2 Lungs and liver complications in Fontan patients. SVC, superior vena cava; IVC, inferior vena cava; Ao, aorta; PA, pulmonary artery; RV, right
ventricle; LV, left ventricle; LA, left atrium; FALD, Fontan associated liver disease.
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diastolic ratios across atrio-ventricular valves and Tei index
measurement. '

Several scoring systems have been developed to simplify
risk assessment. Alsaied proposed a meta-analysis-derived
score," while Kramer et al. developed a more complex
score including 15 variables, some requiring invasive
measurements.’® Most recently, Montanaro et al.
published and externally validated a six-easy-to-obtain
variable score to predict survival at 5, 10, 15, 20, and 30
years. The included predictors were age > 30 years at
first visit, NYHA class>Il, systolic blood pressure >
120 mm Hg, resting oxygen saturation < 85%, history of
atrial tachyarrhythmia, and heart failure (defined as
diuretic use). Each variable contributed one point, and a
score >4 indicated extremely high risk of poor survival,
even at 5 years. This score is designed for use at the first
visit in an adult CHD centre, provided there is no PLE or
Fontan pathway obstruction.’”

Risk assessment in adults with Fontan circulation has
evolved significantly, with validated clinical scores now
available to support long-term prognosis. Their use can
help clinicians identify high-risk patients early and guide
personalized follow-up, medical management, and life
planning.

Cardiac catheterization in Fontan patients:
when and how?

The Fontan operation is typically described as the final
stage of single-ventricle palliation. However, patients
are frequently referred for cardiac catheterization (CC)
both for diagnostic refinement as well as for
percutaneous interventions. '®!°

Diagnostic indications for CC include the presence of
symptoms such as fatigue, cyanosis, ascites, oedema,
syncope, PLE, PB, suspected Fontan pathway
obstruction, or pulmonary artery hypoplasia; it may be
useful to rule out the presence of collaterals or
fenestration malfunction and in case of unexplained,
disproportionate hepatic congestion. Last but not least,
CC is crucial for haemodynamic assessment of transplant
candidacy and prior to interventions.

In asymptomatic patients, indication for CC remains
controversial due to the lack of clear evidence of its
benefit and the absence of a uniform recommendation
among current guidelines.? Indeed, European guidelines
suggest that CC should be performed at a low threshold
in cases of unexplained oedema, exercise deterioration,
new onset arrhythmia, cyanosis, and haemoptysis.2" On
the other hand, American guidelines recommend CC in
adults before initial Fontan surgery or revision of a prior
Fontan  connection to  assess suitability of
preintervention haemodynamics or when non-invasive
testing is insufficient to guide therapy.?

According to current evidence, CC should be performed
at each change in clinical condition and/or medication.??

CC in Fontan patients aims to provide a comprehensive
assessment of the Fontan venous circuit, pulmonary
vasculature, and ventricular function. This entails
a thorough examination of venous, pulmonary, and
ventricular filling pressures, along with an estimation of
CO and PVR.

Venous pressure must be recorded across all venous and
pulmonary circuits to rule out possible stenosis, and
should include the superior and inferior vena cava, both
pulmonary branches, and the Fontan conduit.

Ventricular filling pressures may be estimated recording
pulmonary artery wedge pressure (PAWP), systemic atrial
pressure if accessible through a previous fenestration,
or, in the absence of atrioventricular valvulopathies,
assessing the end-diastolic ventricular pressure.

The transpulmonary gradient (TPG) is defined as the
difference between the mean pulmonary artery pressure
and the ventricular filling pressure. The TPG carries the
advantage of not being influenced by the estimation of
CO. However, reference values for TPG are not clearly
defined in Fontan patients and some authors propose
a TPG>5mm Hg as a value that could warn of a
pre-capillary pulmonary vascular disease.*

Calculating CO is crucial in Fontan circulation, however,
its measurement have some limitations. Indeed, as the
thermodilution method is not valid due to the absence of
a subpulmonary ventricle, estimation based on the Fick
principle is often utilized. Typically, Fontan patients
tend to have lower resting CO and a blunted increase
with exercise.?

Accurate determination of PVR is critical in this labile
circulation where even a slight increase can adversely
affect ventricular preload and reduce CO. However, the
coexistence of collateral blood flow, residual antegrade
flow across a patent pulmonary valve or a patent
fenestration could complicate the quantification of
pulmonary blood flow and subsequent estimation of PVR.

Cardiac magnetic resonance (CMR) may be helpful in
such patients. Indeed, combined CMR and CC allows for
simultaneous measurement of invasive pressures and
CMR-derived anatomy, function, and quantification of
flow. Clinical validation studies have shown that
combined CMR/CC is more accurate than standard Fick
method for the assessment of PVR in pulmonary
hypertension and CHD.2®

Exercise can be performed in the catheterization
laboratory, alone or in combination with a
cardiopulmonary exercise test (CPET), to stress
pulmonary vasculature. This method not only allows the
determination of Fontan central venous pressure during
exertion but also enables the measurement of CO using
direct Fick method.?”

The significant ongoing advancement in percutaneous
interventions have also been successfully applied to Fontan
population. A transcatheter approach can be performed to
relieve cavopulmonary stenosis, close collaterals, as well
as manage fenestration and impaired lymphatic circulation
(Table 1). Obstruction relief includes balloon angioplasty
and stenting of narrowed extracardiac conduits or
pulmonary arteries as well as aspiration thrombectomy and
covered stents which may be required for conduit
obstruction. Collaterals may be treated by embolization or
by vascular plug occlusion. Creating a fenestration may be
a valuable option in selected patients with failing Fontan
with low CO, PLE, or high central venous pressure,
whereas fenestration closure may be considered in
cyanotic patients when haemodynamics do not deteriorate
after occlusion test. A fenestration can be created by
puncture, usually along with stent implantation, whereas
closure may be obtained with occlusion devices.?
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Table 1 Indications and percutaneous therapeutic options
in patients with Fontan circulation

Indications Therapeutic options

Conduit/pulmonary
branches obstruction

Balloon angioplasty/stenting/
aspiration thrombectomy/
covered stents

Collaterals Embolization/vascular plug
occlusion

Fenestration Creation by puncture/closure
with device

Lymphatic

Severe AV valve
regurgitation

Hybrid strategies

At each change in clinical
condition and/or
medication

Embolization/decompression

High risk valve surgery (TEER in
selected cases)

Percutaneous Fontan

See above

AV, atrio-ventricular; TEER, transcatheter edge-to-edge repair.

In highly selected patients with refractory PLE,
interventional treatments of the lymphatic circulation
may be an option. They include techniques of
embolization of abnormal lymphatic vessels and
decompression of the lymphatic system.2%-3°

Recent advancements in percutaneous treatments of
the atrio-ventricular (AV) valve regurgitation and
transcatheter cavopulmonary connections have also
been described.?'

Severe AV regurgitation increases the risk of Fontan
failure. Traditionally, surgical interventions, including
valve repair or replacement, have been the treatments
of choice. Nonetheless, transcatheter edge-to-edge
repair (TEER) represents a less invasive alternative,
potentially reducing the associated surgical risks.
Favourable short-term data have been reported in
patients with systemic tricuspid regurgitation. A
significant consideration is that accessing the systemic
atrium can be challenging and might require puncturing
the Fontan conduit. Therefore, a thorough prior
evaluation with multimodal imaging is crucial for an
accurate pre-procedural planning.3%33

For years, several hybrid strategies have been
developed aiming at completing the Fontan circulation
percutaneously. At the time of creating the bidirectional
Glenn, a preparatory staging is performed for its
subsequent percutaneous completion. The surgical
technique consists of creating a lateral tunnel with a
single large fenestration that communicates with the
common atrium, closing the communication with the
superior vena cava with a patch, thus maintaining the
physiology of the bidirectional Glenn. Subsequently, in a
second stage, the Fontan circulation could be completed
percutaneously by perforating the patch through
radiofrequency, stenting the conduit, and closing the
fenestration with an occlusion device. Several
experiences have been described but their uses have not
been generalized. New prototypes are being developed
using an extracardiac-type Fontan circuit pathway.3*3¢

In conclusion, CC remains central in diagnosing and
managing Fontan complications, it should be targeted

and requires expertise, careful technique, and
individualized indications.

How to manage arrhythmias

Epidemiological data indicate that up to 50% of Fontan
patients develop clinically significant arrhythmias during
long-term follow-up, making them a leading cause of
morbidity and mortality in this population. These
arrhythmias are often very symptomatic and frequently
contribute to heart failure, thromboembolic
complications, and need for surgical or percutaneous
reinterventions.*’

The Fontan circulation constitutes a unique
physiological state that predisposes patients to rhythm
disturbances. Common arrhythmias include intra-atrial
re-entrant tachycardia (IART), focal atrial tachycardia
(FAT), cavo-tricuspid isthmus dependent atrial flutter
(AFL), atrial fibrillation (AF), and sinus node dysfunction
(SND). Long-term sequelae of the Fontan operation—
such as atrial dilation, chronically elevated systemic
venous pressures, and hypoxemia—further promote
arrhythmogenesis. With the increasing survival of CHD
patients, the management of arrhythmias has become a
cornerstone of long-term care.

Among supraventricular tachycardias, IART accounts for
approximately 75%, followed by FAT (15%) (Figure 3). AF is
gaining prominence, with nearly half of patients referred
for Fontan conversion presenting with this arrhythmia.3®
SND occurs in about 25% of those with lateral tunnel or
extracardiac conduit procedures (Table 2).

Multiple factors contribute to post-surgery arrhythmia
risk including atrio-pulmonary connections, elevated
pulmonary artery pressures, older age at the time of
surgery, low oxygen saturation, extended post-operative
interval, pre-operative arrhythmias, and right atrial
enlargement.>’

The arrhythmogenic substrate in Fontan patients is
highly complex. Surgical scarring, extensive suture lines,
and multiple areas of intra-atrial conduction delay
scattered across the atria, combined with atrial dilation,
sinus node dysfunction, and structural remodelling
create a fertile environment for both re-entrant and
focal arrhythmias.“? AF poses the greatest challenge, as
its mechanisms occurs often in combination with chronic
bradycardia due to sino-atrial node dysfunction.*!

Therapeutic strategies require individualized planning.
According to current ESC guidelines, anti-arrhythmic drugs
are often used as initial therapy, though their efficacy is
modest and side effects can be limiting. Catheter ablation
is especially valuable for IART, demonstrating acute
success rates of approximately 78% and long-term sinus
rhythm maintenance around 72%.* However, high
recurrence rates remain problematic, reflecting the
presence of multiple arrhythmia mechanisms. Common
challenges in ablation procedures are the non-inducibility
of clinical arrhythmias, inducibility of multiple non-clinical
arrhythmias and the complex arrhythmogenic substrates.
Fontan conversion surgery, often combined with
arrhythmia surgery, yields arrhythmia-free survival in 40-
50% of patients at mid-term follow-up.“> However, despite
acceptable survival in carefully selected patients, the
persistently high operative mortality following total
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Figure 3 Regular atrial tachycardia: underlying mechanism.

cavo-pulmonary connection (TCPC) conversion highlights
the critical importance of stringent patient selection and
concentration of surgical expertise in specialized centres.
Preventive strategies aimed at limiting atrial remodelling
including fibrosis are increasingly recognized as essential
components of care.

Innovative technologies such as pulsed field ablation are
emerging as potential game changers, offering
myocardial-selective ablation with reduced collateral
damage.®® Similarly, advances in imaging and
electro-anatomical mapping techniques are expected to
refine patient selection and improve procedural
outcomes. Recent studies underscore the need for
tailored hybrid approaches, integrating catheter-based
and surgical interventions, particularly in patients with
recurrent AF or complex substrates.

The risk of clinically significant bradycardia is
particularly relevant in patients with Fontan physiology,
in whom SND represents one of the most frequent
rhythm disturbances. In this setting, junctional escape
rhythms are often slow, unreliable, and poorly tolerated
because of the absence of a functional subpulmonary
ventricle and the dependency of CO on low central
venous pressure and adequate atrial contraction. Even
transient pauses can precipitate profound systemic
desaturation, hypotension, or haemodynamic collapse.
As a result, timely recognition and management of
bradyarrhythmias are critical.** Pacing strategies—
whether epicardial, transvenous, or hybrid—should be
tailored to the individual patient, taking into account
the specific Fontan anatomy, the presence of venous or
baffle obstructions, and the potential need for atrial or
ventricular pacing support.

In summary, arrhythmias remain a major determinant of
outcomes in Fontan patients. While ablation provides
effective control for regular atrial tachycardias, AF
continues to represent the most formidable challenge.
Future research should focus on the refinement of
ablation strategies, preventive measures to reduce atrial
remodelling, and the development of personalized
management algorithms, supported by collaborative
multicentre studies.

Pulmonary and liver complications

Pulmonary complications are common in Fontan patients,
with a prevalence of up to 61% and include systemic to
pulmonary venous collaterals/pulmonary arteriovenous
malformations, restrictive lung disease, sleep
abnormalities, and PB."!

The prevalence of cyanosis is high among patients with
Fontan circulation. Contributing factors include
veno-venous  collaterals (VVCs) and pulmonary
arteriovenous malformations (PAVMs). About one-third of
Fontan patients develop VVCs. The increased venous
pressure and the non-pulsatile venous circulation may
lead to the formation of decompression VVCs from the
systemic to the pulmonary veins. This decreases venous
blood pressure and improves CO at the expense of
oxygen desaturation. The diagnosis can be made by
imaging or during CC. PAVMs can also occur in Fontan
patients with flow preferentially to one lung rather than
to both lungs. Several studies have theorized that the
lack of hepatic venous blood flow to the pulmonary
arteries is the primary reason for the development of
PAVMs. The diagnosis can be made by transthoracic echo
with microbubble contrast, computed tomography (CT)
angiography, and CC. Both VVCs and PAVMs can be
treated percutaneously by embolization or by vascular
plug occlusion.*>:46

Restrictive lung disease is common in Fontan patients,
leading to decreased exercise capacity. Sleep
abnormalities may result in hypoxia and increased PVR,
which eventually contributes to low CO and Fontan failure.*’

PB is a rare complication of the Fontan procedure
and is defined as the leakage of proteinaceous material
into the airways, resulting in episodic expectoration or
bronchoscopic visualization of bronchial-shaped casts
that can be associated with respiratory distress,
wheezing, or significant airway obstruction. Imaging is
crucial for diagnosis, individualized treatment, and
outcome prediction. Contrast CT findings include
bronchial casts seen in major or segmental bronchi
along with atelectasis and consolidation without
bronchiectasis. Magnetic resonance lymphangiography
can detect abnormal lymphatic vessels, whereas

920z fienige4 g uo 1senb Aq 06918/l Juswajddng/gz/eonie/ddnsiiiesyina/woo dno olwapese//:sdiy Woil papeojumo(]



i12

R. Barracano et al.

conventional lymphatic angiography might be a further
option to delineate abnormal lymphatic vessels and
guide lymphatic embolization.” Treatment includes relief
of airway obstruction (bronchoscopy in cases of
emergency, in non-emergent cases, bronchodilators,
mucolytics, and inhaled plasminogen activators),
anti-inflammatory  treatment (corticosteroids and
azithromycin) and improvement of haemodynamics (i.e.
fenestration creation) and lymphatic interventions. Most
patients receive a combination of these strategies.®

Some degree of Fontan-associated liver disease (FALD) is
universally present after Fontan surgery. Liver damage can
start even before the Fontan procedure and is present in
patients without Fontan circulatory failure. The time
elapsed from Fontan-type surgery is the main risk factor for
developing advanced FALD. Liver fibrosis is nearly
universal, with patchy distribution. The absence of a
functional sub-pulmonic ventricle leads to chronic passive
congestion of the liver which is the chief driver of the
hepatic fibrosis and hepatomegaly observed in FALD. The
elevation in systemic venous pressure caused by passive
pulmonary blood flow results in increased systemic venous
pressure, causing liver congestion. In addition, CO is
reduced, and as a result, zone 3 hepatocytes may be
compromised by decreased oxygen delivery to centrilobar
cells. Chronic congestion causes shear stress on the hepatic
vasculature, resulting in reactive fibrogenesis caused by
centrilobular hepatocyte atrophy, sinusoidal fibrosis, and
eventual bridging fibrosis and then cardiac cirrhosis.*
According to the severity of the fibrosis on biopsy, these
patients should undergo baseline magnetic resonance with
continued surveillance to determine liver stiffness,
establish initial anatomic features, identify concerning
nodules, and evaluate for signs of portal hypertension and
splenomegaly. Although liver laboratory values alone do not
correlate with severity of fibrosis, monitoring these values
over time will provide additional perspective for a liver
specialist. In patients with cirrhosis, upper endoscopy may
be useful to assess the presence of varices. Interventions
for modifiable risk factors for chronic liver disease,
including fatty liver, obesity, hepatotoxic medications, and
alcohol use, should be considered in all patients with
cirrhosis. Screening for hepatocellular carcinoma (HCC) is
particularly challenging, but serial ultrasound and
a-fetoprotein measurements to assess changes over time
are reasonable.’®?' For patients with concern for
decompensating chronic liver disease, including those with
ascites, splenomegaly, thrombocytopenia, gastrointestinal
bleeding, jaundice, or failure to thrive/sarcopenia,
collaboration with hepatology will be fundamental to fully
assess the severity of liver disease and consider referral for
liver transplantation evaluation.>?>4

Fontan failure and transplant

Despite the significant improvement in survival, the
Fontan operation remains a palliative surgery prone to
several late complications.

While in the normal cardiovascular system the pulmonary
and systemic circuits are connected in series and driven by
two synchronized pumps, in the Fontan circulation, the
absence of a sub-pulmonary ventricle functioning as a
pump is associated with an elevated pressure in the caval

Table 2 Epidemiology of arrhythmias in Fontan patients

Arrhythmia type Prevalence in Fontan patients

Intra-atrial re-entrant ~75% of SVT
tachycardia

Focal atrial tachycardia ~15% of SVT

Atrial fibrillation Up to 50% of patients at referral for
Fontan conversion

~25% in lateral tunnel/

extracardiac Fontan

Sinus node dysfunction

SVT, supraventricular tachycardia

system, a non-pulsatile blood flow in the pulmonary circuit
and a reduction of the systemic output.>>

The pulmonary vascular bed represents the cornerstone
of the Fontan circulation and PVR is the main determinant
of the CO. Indeed, the higher the PVR, the lower the CO.
On the other hand, in this non-physiologic circulation the
venous flow through the cavo-pulmonary circuit is
maintained via a combination of passive and weakly
active forces. The central venous pressure must be
higher than the pulmonary pressure in order to recruit
the whole pulmonary vascular bed. At the same time,
ideally it should be low enough to prevent lymphatic
stasis and oedema. This concept is well known as the
‘Fontan paradox’. The single ventricle pump drives the
blood flow into the pulmonary vascular bed, mainly
during systole. At the same time, the ventricle, pulling
downwards the atrioventricular valve and expanding the
atrial volume, acts as a suction force drawing blood
forward. Similarly, passive ventricular filling is
guaranteed by both normal diastolic compliance and low
end-diastolic pressure (Figure 4).

PVR gradually increases in the normal population with
age and will impact on the Fontan patient, and with a
progressive increase in PVR there is a subsequent
reduction of CO.°® This, together with other poorly
known mechanisms, leads to Fontan circulation failure.
Overall, the incidence of Fontan failure has been
estimated to be between 26% and 30% at 20 years.

There is still no evidence-based medical therapy for
Fontan failure, mainly due to the lack of randomized
controlled trials, as well as surgical and interventional
procedures can be necessary but may carry a significant
risk of complications. With this basis, the only effective
treatment for Fontan circulatory failure and associated
complications is transplant.’”

An analysis of the Australia and New Zealand Fontan
registry has demonstrated that only 2.5% of 1369
patients  with Fontan  circulation underwent
transplantation at 20 years.? In addition, evaluation of
referral patterns revealed that patients who were not
treated at the national referral centre were less likely to
be considered for transplantation. This indicates the
need for standardized guidelines for assessment and
management for these challenging patients. Patients
with failing Fontan circulation require early referral for
transplant evaluation at a centre of excellence where
they can be assessed for all available treatment options,
since early referral may reduce waiting list mortality and
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Figure 4 Mechanisms of Fontan failure (courtesy of Dr Paul Clift).

Vascular structure and PAs
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‘ ;:
FALD MALNUTRITION

Figure 5 Pre-transplant assessment in Fontan patients. A, atrio-pulmonary Fontan; B, extracardiac Fontan; C, intracardiac Fontan. Pas, pulmonary arteries;
PLE, protein losing enteropathy; PVR, pulmonary vascular resistance; FALD, Fontan associated liver disease.

improve outcomes post transplantation, bearing in mind
that long-term survival after heart transplantation in
Fontan patients is not different than that of patients
with other forms of CHD.%® Late referral after the onset
of Fontan failure and select markers of failing Fontan
physiology (i.e. worse functional status, cyanosis,
bilateral lower extremity varicosities, and the presence

of VVCs), has been demonstrated to be associated with
higher post-transplant mortality.

Indications for transplant (Table 3) include
moderate-to-severe systolic dysfunction with heart
failure symptoms (fatigue, ascites, oedema, and
exercise intolerance, especially if unresponsive to
medical therapy), lymphatic failure (manifesting as PLE
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Table 3 Indications for heart transplantation in Fontan
patients

Moderate-to-severe systolic dysfunction
Lymphatic failure

Arrhythmias

Impaired haemodynamics

FALD

FALD, Fontan-associated liver disease.

or PB), arrhythmias (particularly ventricular arrhythmias
presenting with syncope or cardiac arrest), impaired
haemodynamics (high Fontan pressure, low cardiac
index, progressive desaturation), and FALD (advanced
fibrosis/HCC).

Pre-surgical evaluation is paramount for a successful
transplant in Fontan patients (Figure 5). A detailed
evaluation of anatomical characteristics and
haemodynamic as well as end-organ assessment is
crucial.* Pre-operative imaging should describe vascular
structures, pulmonary arteries, and potential re-entry
risks due to prior surgeries. Some patients, such as those
with hypoplastic left heart syndrome who underwent
Norwood procedure or those with azygos continuation,
may need vessels reconstruction before transplantation.
Vascular access may be challenging in Fontan patients
and must take into account the multiple surgical
procedure they underwent over the lifetime.

Measurement of PVR via CC is essential since even mildly
elevated PVR increases the risk of post-operative graft
failure. Assessment for FALD should include imaging,
elastography, and hepatology consultation. Ascites,
varices, and advanced cirrhosis/HCC suggest the need
for possible heart-liver transplant. Renal evaluation is
highly important as well, since combined heart-kidney
transplant may be necessary in some patients. However,
multiorgan transplantation is still extremely difficult to
achieved in any country over the world. A thorough
evaluation including CT and pulmonary function testing
is mandatory to exclude pulmonary complications.
Patients with PLE or recurrent infections need an
immunologic assessment as well. Malnutrition is
commonly seen in Fontan patients and should be
corrected pre-transplant via enteral or parenteral
supplementation. Inotropic support may be useful to
stabilize patients prior to transplant.®®? If symptoms or
end-organ dysfunction persist despite inotropes,
mechanical circulatory support (MCS) with a ventricular
assisting device (VAD) should be considered. Durable
VADs have been used successfully as a bridge to
transplant or destination therapy in select Fontan
patients.  Multidisciplinary  collaboration including
transplant surgery, cardiology, hepatology, nephrology,
nutrition, psychology, and social work is paramount.®3-¢>

Multiple studies have reported an early mortality after
heart transplantation ranging from 14% to 30%, with
main causes represented by infection and graft failure.
On the other hand, long-term outcomes have
significantly improved over time, with one-year survival
now exceeding 90% in recent multicentre studies, and
5-year survival ranging between 70% and 80%.%7°

Combined heart-liver transplantation is occasionally
used in patients with advanced cirrhosis. Fontan
Outcomes Study to improve Transplant Experience and
Results (FOSTER) investigators reported an overall
survival of patients who underwent combined heart/liver
transplant at 1 and 5 years of 87% and 66%, respectively.”

In conclusion, the number of patients presenting with
Fontan failure is dramatically growing, with
transplantation increasingly viewed as the final stage of
palliation. Early recognition and standardized referral
for transplant evaluation are crucial. Pre-transplant
optimization including management of heart failure
symptoms, PVR, nutrition, and psychosocial health
improves surgical outcomes. Post-transplant survival has
improved significantly in the modern era and is now not
different from that of other CHDs. Continued innovation
in mechanical support, perioperative strategies, and
care standardization will be essential to improve
outcomes and equity for this expanding population.

Conclusions

Despite the remarkable improvement in survival, Fontan
patients still experience complications which are
frequently multisystemic. Validated clinical scores for
risk assessment are now available to support clinicians in
identifying  high-risk  patients early and guide
personalized follow-up, medical management, and life
planning. Patient-tailored approach to complications
such as arrhythmias, lung, and liver failure is essential.
Early recognition, pre-transplant optimization including
interventional strategies to optimize haemodynamics,
and standardized referral for transplant evaluation are
paramount to further the care and improve outcomes of
this complex and growing population.
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