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ABSTRACT: Congenital heart disease (CHD) stands as the most common cardiovascular disorder among
children, exerting a profound impact on the growth, development, and quality of life of the affected pediatric
population. The modified Fontan procedure, the total cavopulmonary connection (TCPC), has become a
pivotal palliative or definitive surgical method for treating complex CHD cases, including single ventricle
and tricuspid valve atresia. Through staged surgical processes, this technique directly diverts vena cava
blood into the pulmonary artery, thus improving the patient’s oxygenation status. Despite the initial success
of the Fontan circulation in providing a means for survival in patients with complex CHD, a significant
proportion of patients will eventually experience Fontan failure. Fontan failure is a complex syndrome
characterized by a constellation of symptoms and signs, including heart failure, arrhythmia, protein-losing
enteropathy, and plastic bronchitis. Understanding the contemporary management of failing modified
Fontan after TCPC is crucial for optimizing patient outcomes, as the number of adult patients with Fontan
circulation continues to grow due to improved surgical techniques and postoperative care.
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1 Introduction

The Fontan procedure holds great significance in the field of congenital heart disease (CHD)
treatment, with its origin closely tied to the early understanding of the mammalian circulatory
system. The concept of cavopulmonary circulation was introduced by Carlo Adolfo Carlon in the
early 1950s [1]. This discovery, along with Rodbard and Wagner’s hypothesis during the same
era that the driving force from the left or systemic ventricle could propel systemic venous blood
through the pulmonary circulation, laid the crucial theoretical groundwork for subsequent surgical
innovations [2]. In 1968, Francis Fontan aimed to divert both superior and inferior vena cava
blood directly to the pulmonary artery by passing the non-functional right ventricle and creating
a circulation similar to that of fish (vena cava-pulmonary artery-pulmonary vein-left atrium-left
ventricle-aorta) [3]. This innovative procedure, named the “Fontan procedure”, inaugurated a
new era in the surgical treatment of functional single-ventricle hearts [4]. Despite significant
progress in surgical outcomes, Fontan patients remain at lifelong risk of complications such as heart
failure, protein-losing enteropathy (PLE), plastic bronchitis (PB), arrhythmia, cyanosis, hepatic
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dysfunction. These complications can lead to circulatory decompensation, known as the “Failing
Fontan” [5,6] (Table 1).

Table 1: Definition and diagnostic criteria for Fontan failure-related complications.

Complications Definition and Diagnostic Criteria

Heart Failure

Inability of the single ventricle to maintain adequate perfusion, with signs of
circulatory congestion/forward failure.
NYHA class III–IV.
CVP > 12 mmHg.
Cardiac index < 2.0 L/min/m2.

PLE Intestinal protein loss leading to hypoalbuminemia. Table 2 shows the details.

PB Airway obstruction by fibrin-mucin casts, diagnosed via bronchoscopy.
Chest CT shows bronchial filling defects-Acute dyspnea, wheezing, hypoxemia.

Arrhythmias
Hemodynamically significant atrial/ventricular rhythm disorders.
Atrial tachycardia or fibrillation, Ventricular tachycardia.
ECG/Holter documented arrhythmia with hemodynamic compromise.

Cyanosis
Arterial oxygen saturation (SpO2) < 85%;
Arterial PaO2 < 60 mmHg,
echocardiography/angiography showing right-to-left shunt.

FALD

Chronic liver injury with fibrosis/cirrhosis.
Mild to moderate elevations in ALT and AST (usually <300 U/L),
hypoalbuminemia (<35 g/L), and abnormal coagulation (INR > 1.5).
FibroScan > 12.5 kPa (liver cirrhosis)
Portal hypertension (varices, splenomegaly).

PVR elevation

PVR > 4 Wood (measured via cardiac catheterization).
Pulmonary-to-systemic resistance ratio > 0.3.
Preoperative mean pulmonary artery pressure > 18 mmHg or postoperative mean
pulmonary artery pressure > 15 mmHg.

Thromboembolic Events
Intravascular thrombosis causing organ dysfunction.
Stroke, pulmonary embolism, or conduit thrombosis,
Imaging confirmed thrombus, D-dimer > 500 ng/mL.

AVVR

Moderate-severe regurgitation affecting ventricular function.
Echocardiographic regurgitation grade ≥ 3+,
Effective regurgitant orifice area > 0.4 cm2,
Ventricular dilation.

EDS Hormonal abnormalities (growth, thyroid, bone, gonadal).
PLE/PB, protein-losing enteropathy/plastic bronchitis; CVP, central venous fressure; FALD, Fontan associated liver
disease; PVR, pulmonary vascular resistance; AVVR, atrioventricular valve regurgitation; EDS, endocrine dysregulation
syndromes.

Table 2: Diagnostic criteria for PLE.

Diagnostic Aspects Clinical Symptom Manifestations Laboratory Indicators

Specific Content

1. Abdominal distension or discomfort.
2. Chronic diarrhea
3. Ascites
4. Edema
5. Pleural effusion or pericardial effusion
6. Severe malnutrition

1. Hypoproteinemia: serum albumin <3.5 g/dL;
Total proteins level <6.0 g/dL
2. Elevated Ratio of α-1-Antitrypsin Clearance
to Creatinine Clearance: Ratio > 0.08
3. Spot Fecal alpha-1-antitrypsin concentration
>54 mg/dL

Diagnostic
Precautions

1. Both clinical symptom manifestations and laboratory Indicators are required
for diagnosis.
2. Other causes that may cause similar symptoms and laboratory changes need to be ruled
out to ensure an accurate diagnosis
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This article is intended to comprehensively review the historical development, practical
experiences, and inherent limitations of the modified Fontan procedure specifically in pediatric
patients. Moreover, it will systematically summarize the most recent surgical techniques and
advancements in managing the failing modified Fontan.

2 Influence of Patient-Specific Factors on the Efficacy of Total Cavopulmonary Connection (TCPC)

The efficacy of TCPC is significantly shaped by various patient-specific factors, which are
pivotal in determining surgical success and long-term prognosis.

(1) Age is a key determinant. The optimal age for TCPC surgery is 2–4 years, when children
have stable cardiovascular development, good surgical tolerance, and strong recovery ability.
Infants under 2 years usually undergo a bidirectional cavopulmonary shunt at 4–6 months first,
followed by TCPC later. For patients over 15 years, outcomes are generally satisfactory, but
those over 30 face risks due to long-term left ventricular volume overload-induced myocardial
changes and postoperative cardiac dysfunction [7].

(2) Cardiac rhythm matters, with sinus rhythm being ideal. A pacemaker can be implanted
post-operation for heart block patients. Atrial flutter and fibrillation are more controllable
after surgery, and CHD-related ones originating from the right atrium can be corrected by the
right maze procedure [8].

(3) Abnormal venous connections, though correctable during surgery, often lead to suboptimal
outcomes. Preoperative mean pulmonary artery pressure is a critical indicator; the classic
threshold for TCPC surgery was <15 mmHg, now relaxed to 18 mmHg due to surgical
advancements.

(4) Preoperative mean pulmonary artery pressure serves as a critical indicator of surgical feasibility.
An elevation in preoperative mean pulmonary artery pressure is strongly associated with both
early and late mortality. Initially, the classic indications for TCPC surgery emphasized that
the preoperative mean pulmonary artery pressure should be less than 15 mmHg. With the
evolution of surgical techniques, this threshold has been relaxed to 18 mmHg [9].

(5) High pulmonary vascular resistance (PVR) increases surgical risk by impeding oxygenation
and elevating the cardiac burden. Pulmonary artery development is crucial; patients with a
McGoon ratio < 1.5 and Nakata < 150 mm2/m2 have poor prognoses, but local pulmonary
artery stenosis may render these indices inaccurate [10].

(6) Atrioventricular valve (AVV) function affects TCPC prognosis. Severe AVV regurgitation
can reduce pulmonary blood flow and cause Fontan failure; patients with degenerated valve
function after TCPC have a Fontan failure rate twice as high as others [10].

3 Pathophysiology of Failing Fontan

Patients with CHD may experience seemingly good short-term outcomes after the Fontan
procedure. However, the Fontan circulation is inherently abnormal compared to normal
physiological circulation. At its core, the Fontan procedure creates a portal-like circulatory pattern.
To achieve sufficient left ventricular pre-load, central venous pressure (CVP) must be increased,
which is the root cause of many Fontan-related complications [11]. For adequate pulmonary blood
flow, CVP needs to be at least as high as pulmonary artery pressure, usually 12–14 mmHg. But a
CVP that is too high causes lymphatic stasis and edema, while a low CVP impairs pulmonary blood
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flow. This contradiction is known as the “Fontan paradox” [12]. The newly formed portal system
reduces left ventricular pre-load, leading to decreased cardiac output. Without a sub-pulmonary
pumping mechanism, even small changes in the resistance of this system can cause significant
fluctuations in cardiac output. Chronic CVP elevation and persistently low cardiac output gradually
lead to physiological abnormalities, ultimately resulting in Fontan failure [13–15] (Fig. 1).

Figure legend:Flowchart of the pathophysiological cascade of Fontan failure. PVR,pulmonary
vascular resistance; CVP,central venous pressure; PLE,protein-losing enteropathy; PB,plastic
bronchitis; CO,cardiac output.

Figure 1: Flowchart of the pathophysiological cascade of Fontan failure. PVR, pulmonary vascular resistance;
CVP, central venous pressure; PLE, protein-losing enteropathy; PB, plastic bronchitis; CO, cardiac output.

4 Clinical manifestations and Treatment

4.1 Medical Treatment

Indications: New York Heart Association (NYHA) class I-II, no obvious structural abnormalities,
PVR ≤18 mmHg and hemodynamic stability.

(1) Treatment of Heart Failure

As previously discussed, the core challenge in Fontan circulation resides primarily in obstructive
pathophysiology within the newly established cavopulmonary pathway rather than intrinsic cardiac
dysfunction. Consequently, traditional heart failure therapies may be less effective than interventions
specifically targeting resistance in the Fontan circulatory circuit. Most current medical treatments are
extrapolated from biventricular heart failure protocols. In acute decompensation, phosphodiesterase
inhibitors such as milrinone offer lusitropic, inotropic, and vasodilatory effects beneficial for Fontan
failure [16]. Clinical experience suggests milrinone provides maximal benefit in systolic dysfunction
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and can augment diuresis in Fontan patients with preserved left ventricular ejection fractions (LVEF)
and circulatory failure. However, caution is warranted: vasodilators should be avoided in cirrhosis
or low systemic vascular resistance [17].

Fontan failure is often characterized by upregulation of the renin-angiotensin-aldosterone
system (RAAS), increasing pulmonary and systemic vascular resistance, elevating end-diastolic
pressures, and reducing cardiac output. Angiotensin-converting enzyme (ACE) inhibitors (ACEIs)
are frequently prescribed to counteract RAAS activation, with aldosterone antagonists offering
adjunctive benefit [18]. Chronic heart failure also drives sympathetic overactivation, necessitating
β-blockers to inhibit neurohumoral dysfunction, often used in combination with ACEIs. Notably,
ACEIs has limitations in Fontan failure. Common side effects include dry cough (10–20% incidence),
hypotension, and potential renal dysfunction. Dry cough is hypothesized to result from bradykinin
accumulation due to ACE inhibition, stimulating respiratory receptors. Hypotension may occur
early in therapy, while baseline renal insufficiency requires close monitoring. Mineralocorticoid
receptor antagonists represent a viable alternative, particularly given the high prevalence of liver
dysfunction in Fontan patients. Nesiritide, a recombinant brain natriuretic peptide, binds vascular
guanylate cyclase receptors to increase cGMP, inducing arteriovenous dilation, inhibiting RAAS,
promoting natriuresis, and reducing cardiac preload/afterload. These effects make nesiritide
a valuable option for Fontan-associated heart failure [19]. Milrinone and nesiritide have high
levels of evidence in acute decompensation and can be used as first-line therapy, provided
that hemodynamics and organ function are monitored. The evidence for RAAS inhibitors
(ACEIs/aldosterone antagonists) and β-blockers is of low level, mainly based on extrapolation of
biventricular heart failure, and should be used with caution in Fontan patients, especially those
with liver and kidney dysfunction.

(2) Treatment of Increased PVR

Pulmonary vasodilators are essential in treating Fontan failure, as they enhance oxygenation
by dilating pulmonary vessels, reducing pulmonary vascular resistance, and increasing pulmonary
blood flow. Key classes include: (1) Phosphodiesterase type 5 inhibitors (PDE5is): Sildenafil and
tadalafil inhibit PDE5, increasing intracellular cGMP to relax pulmonary vascular smooth muscle
and reduce resistance, PDE5 inhibitors may be used as a first-line option, especially in patients with
lymphatic circulation disorders such as PLE, due to the convenience of oral administration and
relatively safe side effect profile. [20]. Pulmonary vasodilation may benefit patients with lymphatic
stasis and potentially alleviate PLE. (2) Endothelin receptor antagonists: Bosentan and ambrisentan
block endothelin-receptor binding, inhibiting vasoconstriction and promoting pulmonary vessel
dilation. Endothelin receptor antagonists should be alert to hepatotoxicity, and it is recommended
for patients with poor response to PDE5 inhibitors or pulmonary vascular remodeling. Liver
function should be closely monitored during treatment. (3) Prostacyclin analogues: Epoprostenol
and treprostinil directly relax pulmonary vascular smooth muscle and inhibit platelet aggregation.
Prostacyclin analogues are indicated in patients with acute decompensation or severe elevated
pulmonary vascular resistance, but long-term use is limited by the route of administration and
side effects [21,22].
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(3) Treatment of Fontan Associated Liver Disease (FALD)

Long-term follow-up investigations after the Fontan procedure have unearthed that both
elevated CVP and systemic hypoperfusion are causative factors for congestive liver disease. This
hepatic condition often undergoes a progressive course, with the potential to transform into liver
fibrosis, cirrhosis, and, in extreme scenarios, hepatocellular carcinoma.

Diuretics such as furosemide and spironolactone are critical in managing patients by alleviating
systemic congestion. Through diuresis, they reduce circulatory fluid volume, lowering hepatic
venous pressure to improve FALD. For inadequate cardiac output, positive inotropes like digoxin
enhance myocardial contractility, increasing cardiac output and improving liver perfusion to
maintain hepatic function and prevent deterioration in patients with underlying cardiac conditions.

Monitoring potential hepatotoxic medications is essential, with prompt discontinuation of
any identified agents. Concurrent liver function surveillance—including serum transaminase,
bilirubin, and albumin levels—detects early hepatic impairment. Hepatoprotective therapies,
such as polyene phosphatidylcholine (stabilizing hepatocyte membranes for repair) and reduced
glutathione (neutralizing free radicals via antioxidant pathways), support hepatocyte regeneration
and mitigate liver injury.

(4) Treatment of PLE

Unfortunately, therapeutic options for PLE remain limited, with treatment goals focused on
improving ventricular function, stabilizing intestinal mucosa, and reversing protein loss (Table 2).
As previously discussed, ACE inhibitors, diuretics, and β-blockers are used to optimize cardiac
function. Aldosterone receptor antagonists have shown efficacy in reducing intestinal protein loss.
Glucocorticoids have been reported to alleviate PLE symptoms in multiple cases, supporting the
role of inflammation in mucosal damage and protein leakage. Heparin therapy may benefit PLE
by replenishing sulfated glycosaminoglycans in mucosal cells, which regulate intestinal albumin
loss. The commonly used dose for children is 100–200 U/kg/d, divided into 2–3 subcutaneous
injections. Adults can use 5000–10,000 U/d, and the dose is adjusted according to activated partial
thromboplastin time (aPTT), aiming to maintain aPTT at 1.5–2 times the upper limit of normal [23].
Somatostatin analogues such as octreotide reduce gastrointestinal secretions, decrease intestinal
mucosal permeability, promote lymphatic constriction, and minimize protein loss [24]. Intravenous
immunoglobulin is used to address immunodeficiency secondary to severe protein depletion [25].

Nutritional strategies include high-protein diets and medium-chain triglyceride diets to
counteract protein wasting. Enteral or parenteral nutrition support is administered as needed to
ensure adequate nutrient intake.

(5) Treatment of PB

Medical management of PB includes bronchodilators, mucolytic agents, steroids, antibiotics,
and inhaled tissue plasminogen activator has been shown to be effective. Pulmonary vasodilators
and macrolides may also be effective [25]. Bronchoscopy is used for diagnosis and treatment.

(6) Treatment of Cyanosis

The main cause of cyanosis after Fontan procedure is the change of circulatory structure leading
to hypoxemia, which is mainly treated by interventional or surgical treatment, without targeted
drug treatment.
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(7) Treatment of Arrhythmia

Arrhythmias significantly impair Fontan hemodynamics and require prompt management.
Anti-arrhythmic drug selection depends on arrhythmia type: verapamil or propafenone for
supraventricular tachycardia, and lidocaine or mexiletine for ventricular arrhythmias. However,
close monitoring of electrocardiogram and cardiac function is critical due to potential drug
adverse effects. Compared to catheter ablation— the preferred modality due to lower recurrence
rates—medical therapy alone has higher relapse risks. Short-term studies support exercise therapy
as an adjunct to improve arrhythmia management. Antiarrhythmic drugs: Low level of evidence
(level C), used only as initial therapy or as an alternative when catheter ablation is not feasible, with
close monitoring of side effects and electrocardiographic changes. Catheter ablation is currently
the preferred method for rhythm control (level B), especially for patients with drug failure or high
recurrence rate. It is recommended to carry out in experienced centers. Exercise therapy: it can be
used as an auxiliary method (level B) [26,27].

(8) Treatment of Atrioventricular Valve Regurgitation (AVVR)

The medical management of AVVR predominantly involves the utilization of diuretics. Agents
like furosemide and spironolactone are administered to decrease the heart’s volume load. By
promoting diuresis, these diuretics effectively alleviate symptoms associated with pulmonary
congestion and systemic congestion. Vasodilators, such as ACEIs, play a crucial role in this
treatment paradigm. ACEIs act by reducing the heart’s afterload. This reduction in afterload
leads to a decrease in the regurgitant fraction, thereby enhancing cardiac function. Concurrently,
β-blockers can be incorporated into the treatment regimen. β-blockers function by slowing the heart
rate. Additionally, they contribute to improving myocardial remodeling and reducing the cardiac
load. As a result, β-blockers can, to a certain degree, relieve the symptoms associated with AVVR.
Drug treatment of AVVR is generally effective, the evidence level is low (level C), and it mainly
relies on surgical treatment.

(9) Treatment of Thromboembolic Complications

In the management of Fontan patients, clinical practice demonstrates that aspirin and warfarin
are the most prescribed long-term antithrombotic agents. A meta-analysis revealed the overall
thromboembolism (TE) incidence among Fontan patients on aspirin or warfarin ranges from
8.6–9%, significantly lower than the 18.6% rate in those without thromboprophylaxis [28]. The
CHEST Guidelines recommend initiating aspirin (1–5 mg/kg/day) or unfractionated heparin
in pediatric Fontan patients, transitioning to vitamin K antagonists to maintain an international
normalized ratio (INR) target of 2.5 (range: 2.0–3.0), although the optimal treatment duration
remains undefined (level B).

For warfarin use in Fontan patients, a loading dose of 0.1 mg/kg/day is recommended,
with individualized adjustment of maintenance dosing to sustain INR within 2.0–3.0 [29]. INR
monitoring frequency may be reduced to at least monthly. Notably, all thromboprophylactic
agents carry an elevated bleeding risk, with warfarin-associated bleeding rates higher than
aspirin (level B) [30]. Beyond bleeding, warfarin use may correlate with low bone mineral
density and increased fracture risk, mitigated by interventions such as weight-bearing exercise,
vitamin D/calcium supplementation, and bisphosphonate therapy [31]. While case reports describe
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successful novel oral anticoagulant (NOAC) use in adult Fontan patients, insufficient safety/efficacy
data preclude their recommendation in pediatric populations (level C) [13].

(10) Treatment of Endocrine Dysregulation Syndromes (EDS)

The etiologies of EDS after Fontan procedure are complex and multifactorial. Medical
management primarily involves symptom-targeted therapy tailored to individual patients, with a
core focus on correcting nutrient deficiencies. For example, vitamin D and calcium supplementation
are critical for preventing and managing abnormal bone metabolism, which is often disrupted
in EDS. Additionally, replenishing trace elements such as zinc and iron can optimize nutritional
status, thereby supporting normal hormonal synthesis and metabolism.

EDS significantly impacts psychological well-being, frequently precipitating anxiety and
depression psychological factors that can further exacerbate endocrine dysfunction. Thus,
comprehensive psychological support and counseling are essential. These interventions not
only alleviate EDS related psychological distress but also mitigate the bidirectional exacerbation
between mental health and endocrine imbalance, ultimately improving quality of life and
long-term prognosis.

4.2 Surgical Treatment

Indications: patients with NYHA III–IV, presence of Fontan pathway stenosis/thrombosis,
moderate to severe AVVR, refractory hypoxemia or multiple organ dysfunction, or no response to
medical treatment.

Early-onset failure is often attributed to intraoperative myocardial injury, suboptimal surgical
technique, or undiagnosed preoperative PVR elevation, with higher mortality compared to
late-onset cases. Reoperation to revise or remove the Fontan pathway is frequently necessary [32,33].
Late-onset failure arises from chronic hemodynamic stress-induced structural remodeling,
requiring vigilant surveillance for clinical deterioration. If medical management fails, surgical or
interventional strategies become critical (Table 3).

(1) Surgical treatment of the Fontan pathway

Post-Fontan circulatory abnormalities often involve stenosis in extracardiac conduits, vena
cava anastomoses, or pulmonary arteries, compromising blood flow. Percutaneous balloon dilation,
stenting, or surgical conduit replacement may restore patency. Conduit thrombosis necessitates
prompt thrombolytic therapy, though bleeding risk is significant; surgical thrombectomy remains a
definitive option for refractory cases [33,34].

(2) Surgical treatment of heart failure

Following the Fontan procedure, the single ventricle is subjected to prolonged dual systemic
and pulmonary circulatory burdens, rendering it susceptible to progressive myocardial hypertrophy,
strain, and deteriorative ventricular function. Patients with Fontan failure exhibit a gravely
compromised prognosis, with only approximately 40% surviving without requiring death or
transplantation within a 10-year follow-up period [35,36]. The decision of heart transplantation
for patients with Fontan failure should be based on the International Society for Heart and
Lung Transplantation (ISHLT) guidelines, combined with multi-dimensional indicators such as
cardiac function, complications, age stratification, and so on, and individualized treatment should
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be achieved through multidisciplinary team evaluation (Table 4). Patients with Fontan failure
often require additional repair surgery when a heart transplant is required. When the original
Fontan conduit is disconnected, the conduit may have serious adhesion and calcification with
the surrounding tissue, which increases the difficulty of separation and the risk of bleeding. The
perianastomotic tissue may become very fragile and prone to additional damage. The control of the
Angle and tension of the anastomosis is crucial, otherwise it is easy to lead to anastomotic stenosis
or blood leakage [37].

Table 3: Classification and comparison of surgical interventions for Fontan failure.

Complication Type Pathophysiological
Mechanism

Surgical/Interventional
Modalities Contemporary Advances

Fontan Pathway
Obstruction

Flow-limiting
stenosis/thrombosis in
extracardiac conduit,
cavopulmonary
anastomoses, or
pulmonary arteries

Balloon angioplasty, stent
implantation, conduit
replacement,
thrombectomy

Bioresorbable stents under
trial for pediatric patients

End-Stage Ventricular
Dysfunction

Chronic volume/pressure
overload → myocardial
fibrosis, LVEF < 35%,
NYHA III-IV

Heart transplantation,
combined
heart-liver/kidney
transplantation, MCS

Miniaturized MCS devices
for adolescents

PLE/PB

CVP-mediated mesenteric
venous congestion →
intestinal
lymphangiectasia;
bronchial lymphatic
obstruction → fibrin cast
formation

Lymphovenous
anastomosis, thoracic duct
decompression, Fontan
fenestration

Fluorescent lymphography
for real-time lymphatic
mapping

Cyanosis from
Intracardiac/Extracardiac
Shunts

Right-to-left shunting:
Patent fenestration,
pulmonary arteriovenous
malformations, systemic
venous collaterals;
Reduced pulmonary flow:
Branch PA stenosis

Anastomosis repair,
collateral embolization,
pulmonary angioplasty

3D-printed PA stents for
complex branch stenosis

Refractory Atrial
Arrhythmias

Macroreentry due to atrial
dilation and fibrosis

Radiofrequency ablation,
cryoablation, surgical
Maze procedure

AI-driven arrhythmia
prediction models for early
intervention

Severe Atrioventricular
Valve Regurgitation

Annular dilation, leaflet
prolapse, or chordal
rupture

Valve repair (annuloplasty,
chordal shortening), valve
replacement

TVI in experimental stages

LVEF, left ventricular ejection fraction; MCS, mechanical circulatory support; PLE/PB, protein-losing enteropathy/plastic
bronchitis; CVP, central Venous Pressure; PA, pulmonary artery; AI, artificial intelligence; TVI, transcatheter valve
implantation.

Advanced Fontan failure often involves multiorgan dysfunction (MOT), including heart-liver
or heart-liver-kidney transplantation, is considered for: end-stage cardiac failure (NYHA class
IV); evere hepatic decompensation (Child-Pugh C, intractable ascites, hepatic encephalopathy);
end-stage renal disease (uremia requiring dialysis) Patient selection requires adequate functional
status to tolerate complex surgery and the absence of irreversible comorbidities. Mechanical
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Circulatory Support (MCS) has emerged as a bridge to transplantation, reducing pediatric waitlist
mortality by up to 50% [38–40]. The latest research suggests that intracorporeal left ventricular
assist device (LVAD) offer an alternative to “bridging transplantation” or “long-term support” for
such patients. The latest clinical data from Fuwai Hospital of Chinese Academy of Medical Sciences
showed that the 1-year survival rate of CH-VAD device using full magnetic levation technology
in patients with single ventricle can reach 95%, and the 3-year survival rate is maintained at 91%,
which is significantly better than that of traditional LVAD device and close to the long-term effect
of heart transplantation [41,42]. At the same time, MCS report released by the ISHLT in 2024
pointed out that the 5-year overall survival rate of fully magnetically levitated LVAD in patients
with single ventricle has reached 64%, among which the subgroup analysis of patients with Fontan
circulation failure showed that the prognosis of patients with fine hemodynamic management was
not statistically different from that of patients with biventricular failure.

Table 4: Indications for heart transplantation after Fontan failure.

Indication Category Criterion Evidence Grade

Cardiac function and
hemodynamic failure

1. Dependence on intravenous inotropic agents
(dopamine > 5 µg/kg/min or milrinone) or requirement
for mechanical circulatory support (ECMO, VAD)
2. CI < 2.0 L/min/m2 for >2 weeks with ineffective
medical therapy

Class I, B

Functional Status

1. NYHA Class IV heart failure
2. Peak oxygen consumption (VO2peak) ≤ 12 mL/kg/min
(with β-blockers) or ≤14 mL/kg/min (without β-blockers)
3. 6-min walk distance < 300 m, or VO2peak ≤ 50% of
predicted value with anaerobic threshold ≤ 11 mL/kg/min

Class I, B

Irreversible Hepatorenal
Dysfunction

Liver: Child-Pugh score ≥ B (bilirubin > 34 µmol/L,
albumin < 30 g/L, prothrombin time prolongation > 4 s) or
liver fibrosis elastography > 20 kPa with ascites
Kidney: eGFR < 30 mL/min/1.73 m2 with diuretic
resistance (24-h urine output < 1 mL/kg/h)

Class I, C

Refractory PLE Ineffective treatment with octreotide + heparin for
3 months Class IIa, B

Refractory Malignant
Arrhythmias

Recurrent ventricular tachycardia/ventricular fibrillation
requiring ≥ 2 cardioversions per month and failed
ICD therapy

Class IIa, B

Chronic Thromboembolic
Pulmonary Hypertension

PVR > 6 Wood units/m2 with no response to NO challenge,
or concurrent repeated cardiac thrombus embolization

Class IIa, B

Special Indications for Pediatric
Patients

Growth retardation (height/weight < 5th percentile) or
neurodevelopmental delay (Wechsler Intelligence Scale
IQ < 70)

Class IIa, C

Special Indications for Adult
Patients

Cardiac MRI delayed enhancement > 30% or recurrent
atrial tachycardia (frequency > 1 episode/week) Class IIa, C

CI, Cardiac index; eGFR, estimated glomerular filtration rate; PLE, protein-losing enteropathy; ICD, implantable
cardioverter-defibrillator; PVR, pulmonary vascular resistance; NO, nitric oxide; MRI, magnetic resonance imaging. This
table lists the indications for heart transplantation in patients with Fontan failure according to ISHLT guidelines, and the
level of evidence is performed according to ISHLT criteria.
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(3) Surgical treatment of PLE and PB

Elevated CVP and lymphatic hypertension are strongly correlated with the development of
PLE and PB. Reducing CVP is critical and may be achieved through strategies such as: relief
of Fontan pathway obstructions; repair of AVVR to optimize ventricular function; creation or
revision of a Fontan fenestration to decompress systemic venous pressure; innominate vein-to-atrial
appendage shunt placement to redirect venous flow [43,44].For lymphatic decompression, surgical
interventions include: lymphaticovenous anastomosis to establish alternative lymphatic drainage
pathways; thoracic duct (TD) decompression via surgical or percutaneous techniques; selective
lymphatic embolization, TD stent placement, iodized oil lymphatic embolization, or hepatic
lymphatic embolization to disrupt abnormal lymphatic pathways [45–47].

When medical and interventional therapies fail, heart transplantation emerges as a definitive
treatment. Nearly all transplant survivors exhibit significant resolution of PLE/PB symptoms
and other Fontan-related complications, underscoring its role as a life-saving intervention for
end-stage disease.

(4) Surgical treatment of cyanosis

Cyanosis following the Fontan procedure arises from multifactorial mechanisms. Inadequate
pulmonary blood flow is a primary cause, often due to anastomotic stenosis or vascular
compression by surrounding tissues, which reduces pulmonary perfusion. Surgical correction
of these anatomical abnormalities is typically required to restore adequate pulmonary blood
flow. Abnormal shunts represent another key etiology, including systemic-pulmonary venous
collaterals, conduit/baffle-to-atrial communications, and pulmonary arteriovenous malformations
(PAVMs). Catheter-based interventions effectively occlude venovenous collaterals and abnormal
systemic-pulmonary venous connections. However, residual intracardiac shunts or PAVMs
refractory to endovascular treatment necessitate surgical intervention to resolve hypoxemia and
improve oxygenation [48,49].

(5) Surgical treatment of arrhythmia

For patients with atrial tachycardia or atrial fibrillation who fail to respond to drug therapy
or are intolerant to antiarrhythmic drugs, radiofrequency ablation and cryoablation can be used
to ablation the arrhythmogenic focus and eliminate abnormal electrical circuits [50]. The maze
procedure is a clear alternative when ablation fails. Many studies have shown that Maze procedure
can effectively control the arrhythmia in most patients and obtain a high recurrence rate of sinus
rhythm. Another important benefit of the Maze procedure is the reduction in the incidence of
embolic complications by reducing atrial stasis and thrombosis [33,51]. The dual efficacy of the
Maze procedure for arrhythmia control and thromboembolism prevention makes it a cornerstone
intervention in refractory cases when risks and benefits are carefully weighed. The hybrid operation
mode of radiofrequency ablation combined with Maze procedure has achieved good prognosis in
the treatment of patients with complex refractory arrhythmia.

(6) Surgical treatment of AVVR

Moderate-to-severe AVVR with clinical symptoms (exertional dyspnea, fatigue, palpitations,
declining cardiac function) and echocardiographic evidence of ventricular dilation with reduced
contractility warrants surgical evaluation. Valve repair is preferred for structurally preserved
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AVVs (annuloplasty for annular dilation, leaflet plication for prolapse, chordal repair for laxity),
preserving native valve function and avoiding long-term anticoagulation risks. This approach is
associated with lower rates of TE and bleeding compared to replacement [52]. Valve replacement is
indicated for irreparably damaged valves (severe leaflet calcification, chordal/papillary muscle
dysfunction). While surgical replacement remains standard, the percutaneous edge-to-edge
repair (PETER) procedure has shown safety and efficacy in adult degenerative mitral/tricuspid
regurgitation. Although proposed for congenital AVVR, its use in Fontan patients lacks supportive
data. Such investigations could align with advancements in transcatheter valve therapies for CHD,
potentially offering minimally invasive alternatives to open surgery.

5 Biventricular Conversion (BiVC)

While survival after Fontan surgery has improved substantially, long-term complications
remain inevitable. For patients with Fontan failure, heart transplantation is often the ultimate
treatment, though the field faces challenges including donor shortages, prolonged waitlists,
and elevated post-transplant mortality. A single-center retrospective study by Doulamis et al.
demonstrated that BiVC is a safe and effective salvage therapy for Fontan failure, all (n = 23) who
underwent elective BiVC survived, whereas 2-year survival rate for patients with a failing Fontan
circulation was 72.7% (95% confidence interval, 37%–90%) [53]. Primary BiVC is feasible in patients
with mild hypoplastic left heart syndrome, whereas a staged approach with ventricular recruitment
is preferred for those with moderate-severe left ventricular dysplasia. Fig. 2 is the computed
tomography (CT) data of a patient who underwent TCPC followed by BiVC in our hospital.

Figure legend:CT data of a patient who underwent total cavopulmonary connection followed by
Biventricular conversion. (a-c) after TCPC,(d-f) after biventricular conversion. a:the superior vena
cava was connected to the right pulmonary artery, and the pulmonary artery trunk was cut off.
b:the inferior vena cava was connected to the right pulmonary artery. c:the right atrium was
fenestrated and communicated with the inferior vena cava. d:the superior vena cava was
reconnected to the right atrium. e:pulmonary artery trunk and pulmonary valve were reconstructed.
f:The inferior vena cava was reconnected to the right atrium and the ventricular septum was
reconstructed. SVC,superior vena cava; IVC,inferior vena cava; RPA,right pulmonary artery;
LPA,right pulmonary artery; PAT,pulmonary artery trunk;VS,ventricular septum.
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b:the inferior vena cava was connected to the right pulmonary artery. c:the right atrium was
fenestrated and communicated with the inferior vena cava. d:the superior vena cava was
reconnected to the right atrium. e:pulmonary artery trunk and pulmonary valve were reconstructed.
f:The inferior vena cava was reconnected to the right atrium and the ventricular septum was
reconstructed. SVC,superior vena cava; IVC,inferior vena cava; RPA,right pulmonary artery;
LPA,right pulmonary artery; PAT,pulmonary artery trunk;VS,ventricular septum.
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Figure 2: CT data of a patient who underwent total cavopulmonary connection followed by Biventricular
conversion. (a–c) after TCPC, (d–f) after biventricular conversion. (a): The superior vena cava was connected
to the right pulmonary artery, and the pulmonary artery trunk was cut off. (b): The inferior vena cava was
connected to the right pulmonary artery. (c): The right atrium was fenestrated and communicated with the
inferior vena cava. (d): The superior vena cava was reconnected to the right atrium. (e): Pulmonary artery
trunk and pulmonary valve were reconstructed. (f): The inferior vena cava was reconnected to the right
atrium and the ventricular septum was reconstructed. SVC, superior vena cava; IVC, inferior vena cava; RPA,
right pulmonary artery; LPA, right pulmonary artery; PAT, pulmonary artery trunk; VS, ventricular septum.

Given the suboptimal long-term outcomes even in stable Fontan patients, emerging research
explores BiVC not only as rescue therapy but also as an elective intervention in well-compensated
circulations. Scholars argue that BiVC should be considered proactively, before the onset of
end-stage complications, to mitigate the deleterious effects of single-ventricle physiology. However,
the optimal timing for BiVC, particularly in asymptomatic patients, requires further clarification.

Psychological Problems and Treatment

The psychological problems of patients with Fontan failure are multi-dimensional and
complex, and individualized intervention should be carried out according to the stage of disease
progression, age characteristics and social support system. Existing studies have clarified the
standardized process of psychological assessment, such as Hospital Anxiety and Depression Scale
(HADS) initial screening-psychologist consultation-multidisciplinary collaboration and hierarchical
intervention strategies, such as basic support-cognitive behavioral therap-drug combined with
trauma therapists [54].

6 Prognosis and Future Directions

Future research directions in the management of Fontan failure include the development
of novel medical therapies, such as gene-based therapies and cell-based therapies, to improve
ventricular function and reduce the burden of pulmonary vascular disease. The use of artificial
intelligence and machine learning algorithms may also help in predicting Fontan failure earlier
and optimizing treatment strategies. In addition, efforts to improve the availability of donor
organs for heart transplantation, such as the development of bioengineered hearts or the use of
mechanical circulatory support devices as a bridge to transplantation, may offer hope for patients
with end-stage Fontan failure. With the interdisciplinary integration of biomedical engineering,
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materials science, imaging and other disciplines, significant progress has been made in the in vitro
research of transcatheter devices to assist Fontan patients, which also points out the direction for
future technical development.

7 Conclusion

The contemporary management of failing modified Fontan after TCPC requires a comprehensive,
multidisciplinary approach. Early diagnosis, appropriate medical and interventional management,
and careful consideration of surgical options when necessary are crucial for improving the outcomes
and quality of life of these complex patients.
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