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Fontan‑associated liver disease 
and hepatocellular carcinoma 
in adults
Tomomi Kogiso* & Katsutoshi Tokushige

The Fontan operation creates a unique circulation, and is a palliative therapy for patients with single-
ventricle congenital heart disease. Increased venous pressure and decreased cardiac output and 
hepatic venous drainage result in sinusoidal dilatation around the central veins. This causes congestion 
and hypoxia in the liver, leading to Fontan-associated liver disease (FALD). Non-invasive and invasive 
markers enable diagnosis and evaluation of the fibrosis status in chronic liver disease; however, 
these markers have not been validated in FALD. Additionally, regenerative nodules such as focal 
nodular hyperplasia (FNH) are frequently found. The severity of fibrosis correlates with the duration 
of the Fontan procedure and the central venous pressure. Cirrhosis is a risk factor for hepatocellular 
carcinoma (HCC), the annual risk of which is 1.5–5.0%. HCC is frequently difficult to diagnose and treat 
because of cardiac complications, coagulopathy, and congenital abnormalities. The mortality rate 
of FALD with liver cirrhosis and/or FALD-HCC was increased to ~ 29.4% (5/17 cases) in a nationwide 
survey. Although there is no consensus on the surveillance of patients with FALD, serial monitoring of 
the alpha fetoprotein level and imaging at 6-month intervals is required in patients with cirrhosis.

The Fontan procedure is a palliative operation for patients with single-ventricle congenital heart disease, in which 
the superior vena cava (SVC) drains into the distal right pulmonary artery (PA)1. The Fontan operation creates 
a unique circulation and has a broad spectrum of late outcomes. The procedure has been modified several times 
and improves the 30-year cardiac survival rate to > 80%2,3. However, Fontan-associated liver disease (FALD) and 
multiple liver nodules including benign tumors—such as focal nodular hyperplasia (FNH), hepatic adenoma, and 
hepatocellular carcinoma (HCC)—can develop postoperatively4–6. The diagnosis of HCC is often hampered by 
the characteristics of HCC arising from FALD (FALD-HCC), which can be similar to those of FNH5. In Japan, 
about 400 Fontan procedures are performed annually7, and the incidence of FALD and FALD-HCC is likely to 
rise with the frequency of the operation. Here, we review information on FALD and FALD-HCC and the future 
perspectives.

This study was conducted according to the principles of the Declaration of Helsinki and the ethical guidelines 
of the Tokyo Women’s Medical University Hospital (TWMU; Tokyo, Japan). The Institutional Review Board of 
the TWMU approved the study protocol. Informed consent was obtained from all participants.

Fontan procedures.  The procedure is typically indicated in children with tricuspid atresia, pulmonary 
atresia with intact ventricular septum, double-inlet left ventricle, hypoplastic left heart syndrome, double-outlet 
right ventricle, or complete atrioventricular septal defects2,3. There are three Fontan surgical techniques2,8. Clas-
sical Fontan was performed until around 1990, and the atriopulmonary connection was made by closing the 
atrial-septal defect and connecting the right atrium directly to the right PA (atriopulmonary method). This 
operation was later modified to a lateral tunnel procedure (intra-artrial lateral tunnel). The right atrium was 
baffled with an intraatrial patch and the SVC was directly connected to the right PA. After 2000, an extracardiac 
total cavopulmonary connection, which consists of a direct anastomosis of the SVC to the right PA and the 
insertion of an extracardiac conduit between the inferior vena cava (IVC) and the right PA, was constructed. The 
lateral tunnel method is associated with better short- and medium-term outcomes, compared to the extracardiac 
conduit method9.

The postoperative circulatory changes result from the following: (1) single ventricle circulation, (2) nonpulsa-
tile pulmonary perfusion, (3) systemic venous hypertension, and (4) intracardiac scarring10,11. The term “Fontan 
failure” is generally applied to failure of the Fontan circulation causes the composite of all-cause mortality12. In 
other word, many complications were observed (Table 1a). The hemodynamic consequences of FALD vary based 
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on the extent and stage of the liver involvement and may encompass the heart, lungs, and kidneys. Therefore, the 
hemodynamic status of failing Fontan should be evaluated when considering treatment for FALD (Table 1b)13,14.

Table 1.   Phenotypes of patients with a failing Fontan. AV atrioventricular, EDP end-diastolic pressure, HCC 
hepatocellular carcinoma, FALD Fontan-associated liver disease, PLE protein-losing enteropathy.

Condition Incidence Manifestations

(a) Early and late complications of patients with a failing Fontan12

Early failure 3%
Low cardiac output, pleural 
effusions, chylothoraces, ascites, 
hepatomegaly

Late failure
Lymphatic dysfunction, PLE 2–13%

Ascites, peripheral edema, pleural 
effusions, diarrhea, malabsorption 
of fat, hypoalbuminaemia

Plastic bronchitis < 2% Tachypnoea, cough, wheezing, 
expectoration of bronchial casts

Primary ventricular dysfunction − 7 to 10%
Progressive exercise intolerance, 
AV valve insufficiency, hepatomeg-
aly, ascites

Progressive increase in pulmonary 
resistance Unknown Hypoxaemia

Hepato-renal insufficiency Unknown Renal dysfunction

Hepatic complication
41% (57/139)19 Liver cirrhosis 
and/or HCC: total 1.15%49

HCC: 1.5–5.0% annually in 
cirrhosis49

Hepatomegaly, ascites, spleno-
megaly, HCC

Description Type I (systolic heart failure) Type II (diastolic heart failure)
Type III (non-cardiac failure)
Relevant to discussion of FALD

Type IV (plastic bronchitis 
and PLE) Fontan failure with 
lymphatic abnormalities

(b) Hemodyamic status of patients with a faling Fontan13,14

Systolic function ↓ → → →

Ventricular EDP ↑ ↑ → ↓ or → 

Cardiac output ↓ or → ↓ or → → →

Systemic vascular resistance ↑ ↑ ↓ or → ↓ or →

Figure 1.   Hemodynamic changes after the Fontan procedure and treatment thereof. Central venous pressure 
frequently increases after Fontan surgery (b) compared to normal (a). ACE, angiotensin-converting enzyme; 
ARB, angiotensin receptor blocker; AV, atrioventricular; Ca, calcium; CRT, cardiac resynchronization therapy; 
CVP, central venous pressure; ERA, endothelin receptor blocker; HOT, home oxygen therapy; MP, muscle 
pump; NO, nitric oxide; PA, pulmonary artery; PV, pulmonary ventricle; PDGE-5, phosphodiesterase 5 
inhibitor; PGI2, prostaglandin I2; PTA, percutaneous transluminal angioplasty; RP, PA resistance.
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Fontan physiology.  Central venous pressure (CVP) typically increases after Fontan surgery (Fig. 1b), as 
compared to normal (Fig. 1a). The hepatic venous pressure and pressure load on the central vein in the hepatic 
lobule cause congestion of the liver15,16. Mutual buffering between the portal blood flow and the hepatic artery 
blood flow is known as the hepatic arterial buffer response (HABR)15 (Fig.  2). When the portal blood flow 
decreases, the hepatic artery is dilated to regulate the hepatic blood flow. Thus, the oxygen supply to the liver 
tissue is constantly maintained. Mechanical stimulation caused by dilation of the hepatic sinusoids, thrombus 
formation as a result of abnormal coagulation, and congestion and hepatocyte hypoxia are observed17. HABR 
increases the hepatic artery blood flow and hypernodular lesions may form in hypoxic areas, particularly in 
peripheral areas of the liver. Additionally, hypoxia and thrombosis within the sinusoids promote the activa-
tion of hepatic stellate cells (HSCs) and the production of fibronectin, leading to portal and sinusoidal fibrosis. 
Perisinusoidal edema and ischemic liver cause fibrosis progression without centrilobular inflammation. When 
fibrosis further progresses, cross-linking fibrosis mainly connecting the central zones is observed histologically, 
and a fibrous septum is formed, a finding of cirrhosis. Congestion causes the formation of an inverted image 
of the hepatic lobules (‘reverse lobulation’; an image in which the portal area is located in the center and the 
hepatocyte population is surrounded by a congestion zone). Postsinusoidal hepatic outflow obstruction lead to 
accumulation of ascites presenting a high protein level. The ascites showed a protein level of > 2.5 g/dL and the 
serum ascites an albumin gradient of > 1.1 g/dL18. Ascites may be caused by increased sinusoidal pressure and/
or impaired lymphatic drainage4.

Prevalence and diagnosis of FALD.  Baek et al. evaluated 139 patients who underwent Fontan surgery 
and found hepatic complications in 57 (41%)19. In the blood test, transaminase levels were typically within the 
normal range or mildly elevated in FALD (Table 2). The γ-glutamyltransferase (GGT) level was mildly elevated 
(median = 69 U/L) in 75% of patients20, but this was not correlated with histological severity. Camposilvan and 
colleagues reported the following complications in 34 patients (average age = 14.7 years): hepatomegaly in 53%, 
splenomegaly in 9%, transaminase abnormality in 30%, GGT elevation in 61%, elevated serum bilirubin in 32%, 
abnormal coagulation in 58%, and protein losing enteropathy (PLE) in 19%21.

Figure 2.   Fontan physiology. Increased venous pressures and decreased cardiac output and hepatic venous 
drainage result in sinusoidal dilatation around the central veins. This causes congestion and hypoxia in the liver, 
leading to Fontan-associated liver disease (FALD). Hepatic stellate cells are activated and collagenous fibers are 
produced. Decreased portal flow induces a hepatic arterial buffer response (HABR) and hypervascular nodules 
are formed mainly in peripheral areas of the liver.
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Fibrosis markers, such as hyaluronic acid and type IV collagen 7S, are typically increased in the presence of 
liver complications and are useful for evaluating FALD20,22. Procollagen-III-peptide (P-III-P) is more suscep-
tible to inflammation and it is said diagnosing the stage of fibrosis is inferior than hyaluronic acid or type IV 
collagen22. Shimizu et al. suggested hyaluronic acid and GGT as markers of the progression of liver fibrosis in 
Fontan patients23. While mac-2 binding protein glycan isomer (M2BPGi) is a useful marker of chronic hepatitis, 

Table 2.   Non-invasive and invasive assessment of FALD. ALT alanine aminotransferase, ARFI acoustic 
radiation force impulse, AST aspartate aminotransferase, CT computed tomography, FALD Fontan-associated 
liver disease, Gd-EOB-MRI gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid -enhanced magnetic 
resonance imaging, GGT​ γ-glutamyl transferase, HPVG hepatic venous pressure gradient, M2BPGi mac-2 
binding protein glycosylation isomer, MELD model for end-stage liver disease, MRE magnetic resonance 
elastography, NPV negative predictive value, P-III-P procollagen-III-peptide, PPV positive predictive 
value, SWE shear wave elastography, T-BIL total birirubin, VAST score varices, ascites, splenomegaly, 
thrombocytopenia.

Variable Findings Value of estimating liver cirrhosis Availability and warning

Biomarkers

AST, ALT, GGT, T-BIL, platelet count
Elevated Varies

Decreased Not indicated the cutoff value

Type IV collagen, hyaluronic acid, and 
P-III-P

Elevated
Elevated
Elevated

Not indicated the cutoff value
> 46 ng/mL20

Not indicated the cutoff value
PPV 33.3%, NPV 38.5%

M2BPGi Normal –

FibroSURE

Elevated
α2-macroglobulin, haptoglobin, apo-
lipoprotein A1, bilirubin, GGT, and alanine 
transaminase along with age and gender to 
measure fibrosis activity of the liver

> 0.7420 PPV 33.3%, NPV 52.6%
No correlation with histological findings

AST/ALT ratio AST, ALT < 1 normal19

AST-to-platelet ratio index (APRI) score AST, ALT, platelet count > 239, > 1.544

The MELD XI score Bilirubin, creatinine > 12.044
Correlated with histological findings. Non 
cut-off points with adequate sensitivity and 
specificity

Fibrosis-4 (FIB-4) index AST, ALT, platelet count, and age > 3.2539, > 1.4544

The Forn index GGT, platelet count, age, and cholesterol > 6.945, > 4.244

The VAST score Varices, ascites, splenomegaly, thrombo-
cytopenia ≥ 247 portal hypertension

Ultrasound13,31,79

Normal or slightly hypoechoic at the early 
stage
Heterogeneous hyperechoic parenchymal 
pattern and surface nodularity
Caudate lobe hypertrophy
Irregular parenchymal fatty infiltration with 
perivascular distribution

Nodular liver surface
Increased echogenicity
Irregular borders
Splenomegaly
Ascites
Collateral circulation

Detection of cirrhosis; sensitivity 88%, 
specificity 82–95%80

CT13,31,79

Abnormal parenchymal enhancement
Reticular pattern (i.e., peripheral diffuse 
patchy enhancement) in the delayed phase
Zonal enhancement (i.e., altered enhance-
ment of the liver periphery) is correlated 
with lower hepatic vein pressures and a 
lower likelihood of cardiac cirrhosis
Surface nodularity
Caudate lobe hypertrophy

Reticular pattern
Irregular or nodular liver surfaces
Splenomegaly
Ascites
Collateral circulation

Detection of cirrhosis; sensitivity 77–84%, 
specificity 53–68%80

MRI13,31,79

Increased T2-weighted and diffusion-
weighted signal with reduced T1-weighted 
signal intensity in the periphery of the liver
Reticular or mosaic patterns of diminished 
enhancement (i.e. "frog spawn" appearance) 
on Gd-EOB-MRI

Splenomegaly
Ascites
Collateral circulation

Detection of cirrhosis; sensitivity 87%, 
specificity 92%80

Elastography
Transient elastography
(TE, fibroscan)
SWE
ARFI
MRE

> 17.6 kPa81

> 19.8 kPa82

> 1.55 m/s33

> 4.983

Hepatic congestion alone can increase 
stiffness
Direct comparison of types of elastography 
is lacking in FALD

HPVG The gradient between the hepatic and portal 
veins > 5 mmHg; portal hypertension13

Pathological findings

Gross appearance of ‘nutmeg liver’18

Liver sinus fibrosis 94%, centrilobular 
necrosis 33%, pericentral fibrosis 79%, and 
portal vein fibrosis 76%35

Fibrous septa bridging central vein ‘reverse 
lobulation’18

fibrotic septa separated regenerative 
nodules

Detection of cirrhosis by liver biopsy; sensi-
tivity 80–100%, specificity 80–100%80
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particularly in patients with hepatitis C virus (HCV) infection24. However, it is unlikely to rise of M2BPGi in the 
cases of Fontan, because FALD is not accompanied by inflammation.

In the imaging, the liver may appear normal on radiological examination or slightly hypoechoic on ultrasound 
at the early stage of congestive hepatopathy. As fibrosis develops, a coarse heterogeneous hyperechoic parenchy-
mal pattern and surface nodularity become evident18. The liver is often enlarged with caudate lobe hypertrophy, 
similar to Budd-Chiari syndrome. Irregular parenchymal fatty infiltration of a perivascular distribution can be 
seen on ultrasound. Contrast-enhanced ultrasound (CEUS) shows heterogeneous and decreased enhancement 
of the liver in the portal venous phase25. Hepatic vein waveforms assessed by doppler ultrasound change in 
accordance with liver fibrosis progression26.

In computed tomography (CT), hepatic fibrosis may be seen as reticular pattern on delayed-phase CT (i.e., 
peripheral diffuse patchy enhancement)13. Zonal enhancement (i.e., altered enhancement of the liver periph-
ery) is correlated with lower hepatic vein pressure and a lower likelihood of cardiac cirrhosis13. On magnetic 
resonance imaging (MRI), there are areas of increased T2-weighted and diffusion-weighted signals with 
reduced T1-weighted signal intensity in the periphery of the liver, corresponding to areas of abnormal contrast 
enhancement27. Gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid-enhanced MRI (Gd-EOB-MRI) 
revealed a characteristic reticular or mosaic pattern of diminished enhancement (i.e., ‘frog spawn’ appearance)28. 
The apparent diffusion coefficient (ADC) calculated by diffusion-weighted imaging (DWI) enables estimation 
of the degree of hepatic fibrosis25.

Assessment of liver stiffness by transient elastography (TE), acoustic radiation force impulse (ARFI) elastogra-
phy, and magnetic resonance elastography (MRE) enables evaluation of hepatic fibrosis29–31. However, it was not 
correlated with the histopathologic findings at a single time point32. ARFI and TE might be useful for monitoring 
liver stiffness in patients with Fontan physiology. The mean shear wave propagation velocity in liver tissue by 
ARFI elastography in Fontan patients was 1.86 ± 0.5 m/s in 21 patients33. Of that, 76% of patients had a value 
over the cirrhosis threshold of 1.55 m/s. In contrast, the mean shear wave propagation velocity was significantly 
lower in patients who had undergone heart transplant31. However, TE/shear-wave elastography (SWE) cannot 
distinguish hepatic congestion from fibrosis34. While MRE reportedly enables evaluation of liver fibrosis30, its 
utility in FALD needs to be evaluated.

The gross appearance of the liver is termed ‘nutmeg liver’ in patients with FALD18. The pathological findings 
showed liver sinus fibrosis in 76%, centrilobular necrosis in 33%, pericentral fibrosis in 79%, and portal vein 
fibrosis in 52% of cases35. FALD showed dilatation and fibrosis of hepatic sinusoids, fibrosis of the portal area, 
and no inflammation36,37. Pathological evaluation of the liver via percutaneous or transvenous biopsy is the 
gold standard for assessing the degree of fibrosis; however, obtaining liver samples is difficult and there is a risk 
of bleeding. Also, the role and timing of the initial and follow-up liver biopsies in this population are unclear.

Diagnosis of liver cirrhosis by invasive and non‑invasive biomarkers in FALD.  Cardiac cirrhosis 
results from prolonged passive liver venous congestion secondary to right-sided congestive heart failure and 
is defined as stage-4 fibrosis on liver biopsy38. At this stage, obtaining liver samples is hampered by the risk of 
bleeding and ascites accumulation. As another invasive examinatioin, transjugular measurement of the hepatic 
venous pressure gradient (HVPG, the gradient between the hepatic and portal veins) of > 5 mmHg is suggestive 
of sinusoidal portal hypertension13. The HVPG is useful for differential diagnosis of ascites of cardiac origin 
(normal HVPG) or hepatic origin (elevated HPVG)39.

Instead of these invasive examinations, typical imaging findings of the liver, formation of esophageal and gas-
tric varices, ascites accumulation, and splenomegaly can facilitate diagnosis of liver cirrhosis. Moreover, several 
scores are used to assess patients with end-stage liver disease40. The model for end stage liver disease (MELD) 
XI score, which is based on the serum bilirubin and serum creatinine levels, may be predictive of the outcomes 
of Fontan patients41. A recent retrospective review revealed a positive correlation between the MELD-XI score 
and hepatic fibrosis scores on pathology (correlation coefficient = 0.4; p = 0.003)42. Although, a receiver operator 
characteristic analysis did not identify a score cutoff with adequate sensitivity and specificity42, patients with a 
MELD-XI score of ≥ 19 had a higher mortality rate43.

Proprietary tests such as FibroSURE, which includes assessment of multiple serum markers, have been vali-
dated only in patients with HCV and rely on inflammatory markers that are unlikely to be relevant in FALD. 
FibroSure for identifying evolving or established cirrhosis when compared to liver biopsy had a positive predictive 
value (PPV) of 33.3% and a negative predictive value (NPV) of 52.6%20. A hyaluronic acid level of > 46 ng/mL is 
indicative of liver cirrhosis and the PPV and NPV were 33.3% and 38.5%, respectively20.

Besides, the aspartate aminotransferase (AST)/alanine aminotransferase (ALT) ratio, AST-to-platelet ratio 
index (APRI) score, Forns index, and fibrosis-4 (FIB-4) score are reported as markers of fibrosis in FALD19,39,44,45. 
While the FIB-4 index includes age and has lower predictive utility among young adults with other liver disease46. 
In contrast, the VAST score is used to evaluate portal hypertension according to the liver-related complications47. 
A VAST score of ≥ 2 was reported to be significantly related to major adverse events (odds ratio = 9.8, 95% con-
fidence interval [CI] = 2.9–32.7)47.

Treatment for FALD.  Medical therapies specific for FALD are not available. Nevertheless, preventive, med-
ical, surgical, and transplant strategies beneficial for similar disease processes may be applicable in FALD14,16,48. 
Prior to initiating a treatment strategy, it is important to improve cardiac output and/or raise the Fontan pressure 
(Fig. 1b).

Regarding treatments for liver cirrhosis, ursodeoxycholic acid (UDCA), lactulose, kanamycin, and heart–lung 
transplantation were used in a nationwide study49. Generally, UDCA treatment decreased the elevation of liver 
enzymes; however, the long-term benefit for FALD was uncertain. A branched-chain amino acid (BCAA), 
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an antibacterial agent (rifaximin), carnitine, and/or synthetic disaccharide may be used for FALD to prevent 
encephalopathy by reducing the ammonia level. For ascites, since the renin-angiotensin system is upregulated 
in liver cirrhosis, spironolactone is used prior to frosemide as diuretics50. Additionally, tolvaptan, a highly selec-
tive vasopressin-V2 receptor antagonist, is used to treat cardiac failur and refractory ascites50. In more severe 
cases of ascites, cell-free and concentrated ascites reinfusion therapy (CART) or ascites drainage therapy can 
be considered. Infusion volume load and fever should be care. Control of ascites is frequently hampered by 
postsinusoidal outflow obstruction.

In patients with more severe disease, cardiac transplantation was selected for cases with no evidence of liver 
cirrhosis. Overall, the 5- and 10-year survival rates were 72% and 69%, respectively, after cardiac transplantation51. 
Combined heart-liver transplantation should be considered in severe cases52. It reportedly has a favorable out-
come, with a 10-year survival rate of 83%52.

Prevalence, characteristics, and diagnosis of HCC.  The prevalence of liver nodules is reportedly 
29.6% (95% CI 23–37%) on ultrasound and 47.7% (95% CI 39–56%) on CT/MRI53. Nodules were usually hyper-
echoic (76.5%), round-shaped (> 80%), hyperenhancing in the arterial phase (92%) and located in the liver 
periphery (75%) (Table 3)53. In a study based on nationwide surveys of FALD-HCC, 31 HCC cases (1.15%) 
were detected among 2,700 cases who had undergone the Fontan procedure49. In multicenter case studies, 
33 HCC cases (1.3%) were observed among 2,470 patients who had undergone the Fontan operation54. The 
estimated annual incidence is 1.5–5.0% in patients with liver cirrhosis11,53,55. Case reports of FALD-HCC are 
listed in Table 4. In our cohort, HCC was diagnosed in 12 cases (9.8%) at a median age of 32.5 years (range: 
20.6–46.1 years), and the median interval between the Fontan procedure and diagnosis was 21.3 years (range: 
3.7–31.2 years), an incidence of 2.9%56.

Liver nodules are missed on ultrasound in 30% of cases31. Contrast-enhanced CT and Gd-EOB-MRI enable 
detection of FALD-related HCC, however, 14% of FNH cases show portal/delayed washout, which is also pre-
sent in patients with HCC57. The sensitivity of positron emission tomography (PET)-CT scan is only 55% for 
diagnosis of HCC58. Wells et al. demonstrated that mosaic architecture and an elevated alpha fetoprotein (AFP) 
level are associated with HCC, especially an AFP level of ≥ 400 ng/mL59. Some HCC cases are difficult to diag-
nose because of the lack of an increased AFP level. Again, a large proportion of the patients were treated with 
warfarin potassium and obtaining a tumor biopsy sample for diagnosis was problematic. Also, it affected the 
level of des-gamma-carboxy prothrombin (DCP), a marker of HCC, in turn hampering the diagnosis of HCC. 
Therefore, a new marker for FALD-HCC is needed.

There are no reports of the misdiagnosed rate of patients with FALD-HCC. Almost all investigations have 
been case reports, and large studies are limited. In our 124 cases, we detected 77 (62.1%) cases with hyperechoic 
lesions on ultrasound. Twelve patients were diagnosed with HCC56. An increase in AFP was observed in seven 
cases. Five cases were finally diagnosed with HCC by imaging and the clinical course. We experienced several 
HCC cases that were difficult to distinguish from FNH. Case 1: A 37-year-old female had a complicated hyper-
vascular tumor periphery on CT (Fig. 3a). The nodules were increasing in size, ultrasound could not detect the 
nodule, and MRI could not be performed because of a pacemaker. Although preoperatively diagnosed as HCC 
by CT, the pathological findings of the surgically removed tumor indicated FNH (Fig. 3b). A non-cancerous 
liver specimen showed sinusoidal dilatation and mild fibrosis. Case 2: A 30-year-old male was detected with a 
hypervascular tumor on CT of the late arterial phase (Fig. 3c). The tumor was positive by PET-CT (Fig. 3e) and 
surgically removed, because TACE and PBT were ineffective. It was diagnosed as confluent-multinodular-type 

Table 3.   Characteristics of liver nodules in FALD53. CT computed tomography, MRI magnetic resonance 
imaging.

Modality Ultrasound CT/MRI

Hepatic nodules
3/49 (6.1%)31

45/152 (29.6%)
CT; 14/44 (31.8%), MRI; 19/48 (39.6%)31

CT (n = 37)/MRI (n = 93); 62/130 (47.7%)

Ultrasound (n = 152) CT (n = 37)/MRI (n = 93)

Medium size of nodules 11 (6–18) mm 9 (6–12) mm

Number of nodules

(1/2/3/more) 15 (33.3%)/11 (24.4%)/10 (22.2%)/4 (8.8%) 30 (23.1%)/15 (11.5%)/6 (4.6%)/11 (8.4%)

Nodular parenchyma with countless micronodules 5 (11.1%)

Shape

Round 85 (83.3%) 140 (90.3%)

Ellipsoidal 7 (6.8%) 6 (3.9%)

Irregular 5 (4.9%) 9 (5.8%)

Periphery location 68 (66.6%) 116 (74.8%)

Other characteristics
<Echogenicity>
Hyperechoic 78 (76.5%)
Isoechoic 15 (14.7%)

<CT> liver imaging reporting and data system
1:10 (6.4%), 2:24 (15.5%), 3:92 (59.4%), 4:6 (3.9%), 5:5 (3.2%), Unclassified: 18 
(11.6%)
<MRI> T1-weighted MRI isointense 76 (71.7%)
T2-weighted MRI isointense 85 (80.2%)

Arterial-phase enhancement/wash out 143 (92.3%)/11 (7.1%)
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Case Gender
Age at HCC 
detection (years)

Post Fontan 
(years) Complications AFP (ng/mL) Treatment

Pathological 
diagnosis

Prognosis/cause 
of death

Ghaferi and 
Hutchins5 Male 24 18 ASD, VSD, cirrhosis ND – + Died, ruptured 

HCC

Ewe84 Male 29 19 ASD, VSD, cirrhosis 4674 Oral chemotherapy – Alive

Saliba et al.85
Female 27 23 162.7 Chemotherapy – Died after 1 year

Female 28 18 788.9 Sorafenib – Died after 1 year

Rosenbaum et al.86 Female 13 2 3340 (ug/L) TACE – Alive

Asrani et al.6

Female 32 – Cirrhosis 700 TACE – Waiting for CHLT

Male 24 – PVTT, ascites, 
gastric varices 5000 – Well-differentiated Died, metastasis

Male 33 – 630 Radioembolization –
Died, hepatic artery 
pseudoaneurysm 
ruptured

Female 42 – HCV, advanced 
fibrosis 106 TACE – Waiting for CHLT

Elder et al.87 Male 51 28
Atrial arrhythmias, 
ascites, pleural 
effusions

Normal Local ablation –
Heart transplanta-
tion
Cancer free

Wallihan et al.88 Male 15 11 – Fibrolamellar HCC –

Rajoriya et al.89 Female 41 22 Situs invers – Sorafenib – Died

Weyker et al.90 Female 23 22 – Liver resection + Alive

Yamada et al.91 Male 15 14 2 TACE – Died after 2 years

Kwon et al.92 Male 32 23 Tachycardia 13 (μg/L) Liver resection Fibrolamellar HCC Cancer free

Oh et al.93 Female 16 14 Sinus bradycardia 211,580 Chemotherapy –
Lung metastasis
Died after 2 months 
due to hematemesis

Takuma et al.94 Female 29 19 Situs inversus 117.1 Liver resection Poorly differenti-
ated Alive, cancer free

Josephus Jitta et al.80

Male 30 18 ASD, VSD 20,740 (μg/L) BSC – Died
Metastasis to Lungs

Female 42 32 ASD, VSD, early 
cirrhosis

2996
(μg/L)

Liver resec-
tion + RFA + Alive

Female 48 34 ASD, VSD, cirrhosis 865 (μg/L) BSC – Died

Lo et al.95 Female 24 23 Atrial tachycardia, 
cirrhosis 50,000 (ng/dL) Liver resection

TACE

Moderately dif-
ferentiated
Lymphovascular 
invasion

Died after 6 months, 
HCC recurrence

Mazzarelli et al.66

Female 28 18 8 Sorafenib
Moderately differ-
entiated, HCC with 
vascular infiltration

Alive

Female 20 18 12,000 TACE – Alive

Male 21 17 VSD 4 TACE – Waiting for CHLT

Angelico et al.64 Female 33 6 3005 Laparoscopic liver 
resection

Sorafenib treat-
ment combined 
with TACE. After 
downsizing, CHLT 
was performed

Ogasawara et al.67/
Sagawa et al.56 Female 27 21 Polysplenia, het-

erotaxy 1622 PBT – No recurrence

Continued
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poorly differentiated-HCC based on liver cirrhosis (Fig. 3d). Two cases (2.6%) including case 1 were diagnosed 
as FNH by surgery. Therefore, the false-positive misdiagnosed rate was 2.6% (2 of 77 cases with nodules). It 
is difficult to take samples from the peripheral type of nodule. In one case, we performed a tumor biopsy just 
before transcatheter arterial chemoembolization (TACE) therapy to prevent bleeding. It is a method to diagnose 
HCC; however, it might increase the bleeding risk in patients in the margin. Therefore, new diagnostic method 
or marker for FALD-HCC is needed.

Treatment and outcomes of HCC.  The treatment of HCC is dependent on liver function and the number 
and size of tumors, establishing the various guidelines60,61. In addition to volumetry of HCC and residual liver, 
MELD-XI score and indocyanine green retention rate at 15 min (ICG-R15)62 may assist evaluation of liver func-
tion before surgery. In patients with FALD, cardiac function should be considered when selecting a treatment for 
HCC. There is limited evidence to suggest the optimal treatment strategy for FALD-HCC.

Liver resection increases the CVP if the IVC clumping is applied, and so was regarded as unsuitable for 
patients with FALD. Nemoto et al. performed surgery in the reverse Trendelenburg position without IVC 
clamping63. This procedure reduced the CVP from 12 to 10 mmHg without decreasing the systemic blood pres-
sure resulted in reduced blood loss. Moreover, laparoscopic hepatectomy was reported as safe proceasear in the 
FALD setting64,65. The laparoscopic hepatectomy was safely performed keeping the pneumoperitoneum pressure 
at less than 6–10 mmHg and adequate fluid infusion was given to maintain cardiac preload64. Central venous 
pressure was monitored (11–21 mmHg) and end-tidal carbon dioxide tension was shifted to 36–40 mmHg65. 
The Pringle maneuver was applied during liver resection.

In contrast, the utility of radiofrequency ablation (RFA) is limited in the patients with a pacemaker, accumula-
tion of ascites, and coagulopathy or anticoagulant therapy.

In previous studies, several cases were treated with transcatheter arterial chemo-embolization (TACE) or 
hepatic arterial infusion chemotherapy (HAIC)6,56,66 based on the greater hypervascularity of FALD-HCC 
(Table 4). The efficacy of TACE is limited in some cases of abnormal vasculature. We reported proton beam 
therapy (PBT) as a treatment option for patients with FALD-HCC56,67. PBT is potentially more beneficial in spar-
ing organs-at risk68. For liver tumors, the tolerance of surrounding normal liver, biliary tracts, and gastrointestinal 
structures is the main limiting factor for dose escalation. Therefore, PBT has a dosimetric advantage compared 
to X-ray therapy. We treated four patients with HCC; no serious adverse event was observed68.

Case Gender
Age at HCC 
detection (years)

Post Fontan 
(years) Complications AFP (ng/mL) Treatment

Pathological 
diagnosis

Prognosis/cause 
of death

Sagawa et al.56

Male 31 21 Cerebral infarction 4 BSC – Died due to heart 
failure

Female 36 30 HCV 5520 BSC – Died due to liver 
and heart failure

Male 46 21 HCV, post MVR 743 BSC Well differentiated Died due to heart 
failure

Female 23 19 PVTT 14,867
Hepatic arterial 
infusion chemo-
therapy

– Died due to liver 
failure and HCC

Male 22 4 SSS 7 TACE – No recurrence

Male 34 30 7 Liver resection Poorly differenti-
ated Unknown

Male 42 29 SSS 7 PBT –
Died due to bleed-
ing of metastatic 
HCC in the chest 
cavity

Female 33 27 SSS 8786 PBT – Lung metastasis

Male 20 15 PLE, polysplenia 5 PBT Well differentiated Intrahepatic recur-
rence

Male 27
30

22
25

78
3901

TACE
PBT, liver resection

Well differentiated
Poorly differenti-
ated

Intrahepatic recur-
rence
PBT and liver 
resection were 
undertaken for 
recurrence

Nemoto et al.63/
Sagawa et al.56 Female 36 31 Polysplenia 81,663 Liver resection Poorly differenti-

ated Lung metastasis

Yokota et al.65 Male 18 6 3 Laparoscopic liver 
resection Well-differentiated Alive

Table 4.   Characteristics of patients with Fontan-associated liver disease-hepatocellular carcinoma (FALD-
HCC). AFP alpha fetoprotein, ASD atrial septal defect, BSC, best supportive care, CHLT combined heart-liver 
transplant, HCC hepatocellular carcinoma, HCV hepatitis C virus, MVR mitral valve replacement, ND not 
detected, PBT proton beam therapy, PLE protein-losing enteropathy, PVTT portal vein tumor thrombosis, 
RFA radiofrequency ablation, SSS sick sinus syndrome, TACE transcatheter arterial chemoembolization, TAE 
transcatheter arterial embolization, VSD ventricular septal defect.
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In addition to intrahepatic metastasis, most extrahepatic metastases are to the lungs. We experienced three 
cases of lung metastases among 12 FALD-HCC (Table 4). We speculated that the increase in pulmonary vas-
cular resistance may reduce the blood flow speed, facilitating adhesion of cancer cells. This might promote the 
metastasis of HCC to the lungs.

Risk factors for FALD and FALD‑HCC.  The severity of fibrosis correlated with the duration of the Fontan 
procedure and the CVP13,69 (Fig. 4). In one case series, 43% of patients had advanced fibrosis 30 years after Fon-
tan operation51. Additionally, aging, underlying hepatitis B or C infection, alcohol intake, and hepatotoxic drug 
use were associated with FALD development (Fig. 4). Timing of diagnosis, type of Fontan, cardiac complications, 
comorbid systemic disease and obesity may influence the clinical picture in ways that are poorly understood14.

Notably, cirrhosis is a strong risk factor for FALD-HCC70. The annual risk of HCC in cirrhotic patients 
with FALD was estimated to be 1.5–5.0%6. CVP has been reported to be 16.4 ± 6.1 mmHg in patients with liver 
cirrhosis after the Fontan procedure and 11.3 ± 2 mmHg in non-cirrhotic cases13. Although cirrhosis is a risk 
factor of HCC, it does not predict the prognosis. Ohuchi et al. reported that a high CVP and low arterial oxygen 
saturation strongly predict clinical events in children (p < 0.001), whereas these prognostic factors were marginal 
in adults71. Instead of CVP, renal dysfunction and metabolic abnormalities predicted clinical events in adults 
(p < 0.05). Therefore, medication and fenestration that lowers right atrial pressure are effective for decreasing 
CVP and might inhibit the progression of FALD; however, it may be insufficient to prevent FALD-HCC. The 
liver stiffness values on ARFI elastography were significantly higher in patients with hepatic nodules31. In our 
cohort, complications of polysplenia (HR 44.257, 95% CI 1.309–1495.862, p = 0.035) and higher FIB-4 index 
(HR 4.008, 95% CI 1.304–12.317, p = 0.015) were risk factors for FALD-HCC56.

Surveillance of FALD and HCC.  A recent long-term follow-up study reported 10-, 20-, and 30-year sur-
vival rates of 74%, 61%, and 43%, respectively, among 1,052 patients after the Fontan procedure72. However, a 
recent systemic review of 65 FALD-HCC cases, which reported that 1-year survival is 50%73. Only four patients 
(6.2%) were under liver imaging surveillance for FALD-HCC, suggesting that HCC surveillance is necessary. 

Figure 3.   Liver tumors arising from FALD. A 37-year-old female had a complicated hypervascular tumor 
periphery on enhanced abdominal CT (a). HCC could not be ruled out. Ultrasound did not detect the nodule 
and MRI could not be performed because of a pacemaker. Surgically resected specimen revealed FNH (b, 
left H&E staining). Non-cancerous liver specimen showed sinusoidal dilatation and mild fibrosis (b, right; 
Victoria blue H&E staining). A 30 year-old male had a hypervascular tumor on enhanced abdominal CT scan 
(c). The tumor was more enhanced at the late arterial phase. HCC was treated with TACE and PBT; however, 
it was not completely cured. Finally, surgery was selected and HCC of confluent multinodular type and 
poorly differentiated was diagnosed (d, left; H&E staining). The tumor was positive by PET-CT (e). A non-
cancerous liver specimen showed cirrhosis (d, right; Victoria blue H&E staining). CT, computed tomography; 
FALD, Fontan-associated liver disease; FNH, focal nodular hyperplasia; H&E, hematoxylin and eosin: HCC, 
hepatocellular carcinoma; MRI, magnetic resonance imaging; PBT, proton beam therapy; PET, positron 
emission tomography; TACE, transcatheter arterial chemoembolization: Tc-99m GSA, technetium-99m 
diethylenetriamine pentaacetic acid galactosyl human serum albumin.
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There is no consensus on the surveillance of HCC in patients with FALD and the optimum screening method 
and interval are unclear39. In the presence of cirrhosis, serial monitoring by AFP and imaging every 6 months 
should be recommended similar to patients with HCV74. We think we could also follow the patients by this 
algorism to surveillance for FALD-HCC (Fig. 5). We experienced 12 cases of FALD-HCC, for an incidence of 
0.8%, 2.9%, and 13.3% after 10, 20, and 30 years, respectively; these values are lower than those for HCV-related 

Figure 4.   Development of fibrosis after Fontan surgery. Hemodynamic changes, complications of Fontan, viral 
infection, and metabolic factors are associated with the development of fibrosis. FALD, Fontan-associated liver 
disease; HCC, hepatocellular carcinoma.

Figure 5.   The algorithm for FALD-HCC surveillance. AFP, alpha fetoprotein, APRI, aspartate aminotransferase 
-to-platelet ratio index; CT, computed tomography; FIB-4, Fibrosis-4; FALD, Fontan-associated liver disease; 
GI, gastrointestinal; HCC, hepatocellular carcinoma; MELD, model for end-stage liver disease; MRI, magnetic 
resonance imaging, VAST score, varices, ascites, splenomegaly, thrombocytopenia.
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HCC75. The mortality rate of liver-related death among FALD is 0.19% (5/2,700 cases) and increased by ~ 29.4% 
(5/17 cases) in only those with liver cirrhosis and/or FALD-HCC (Overall, 25 year-survival rates after Fontan 
procedure were 68.6% and 97.9% in FALD-HCC and non-FALD-HCC, respectively, p < 0.01.)49. HCC must be 
diagnosed as at an early stage as possible to facilitate timely treatment. The incidence increases approximately 
20 years after the operation. Therefore, we recommend that HCC surveillance should begin 10 years after the 
Fontan procedure53,56,76.

Mental health care and transitional care of FALD in adults.  People with a Fontan circulation have 
a higher rate of lifetime psychiatric diagnosis (65%) than their healthy peers (22%), particularly for anxiety and 
behavioral disorders77. Therefore, there needs to be a low threshold for the provision of mental health care. Also, 
from 21 to 76% of patients experience a break in regular follow-up cardiology care after transfer from pediatric 
to adult care78. Transitioning from child to adult care, including clinical and social care, is necessary for patients 
with FALD. FALD must be followed-up continuously for the lifetime of the patient.

Conclusion and future perspective
The prevalence of FALD is increasing worldwide and the frequency of liver complications is rising because of 
improvement of cardiac survival. Evaluation of Fontan is different in children and adults, so further studies to 
identify non-invasive markers of fibrosis and FALD-HCC criteria are needed.

Ethical approval.  All procedures performed in studies involving human participants were in accordance 
with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards.

Informed consent.  Informed consent was obtained from the patient for the publication of our study.

Received: 2 October 2020; Accepted: 20 November 2020

References
	 1.	 Fontan, F. & Baudet, E. Surgical repair of tricuspid atresia. Thorax 26, 240–248 (1971).
	 2.	 d’Udekem, Y. et al. The Fontan procedure: contemporary techniques have improved long-term outcomes. Circulation 116, I157-

164. https​://doi.org/10.1161/CIRCU​LATIO​NAHA.106.67644​5 (2007).
	 3.	 Khairy, P. et al. Long-term survival, modes of death, and predictors of mortality in patients with Fontan surgery. Circulation 117, 

85–92. https​://doi.org/10.1161/CIRCU​LATIO​NAHA.107.73855​9 (2008).
	 4.	 Lindsay, I., Johnson, J., Everitt, M. D., Hoffman, J. & Yetman, A. T. Impact of liver disease after the fontan operation. Am. J. Cardiol. 

115, 249–252. https​://doi.org/10.1016/j.amjca​rd.2014.10.032 (2015).
	 5.	 Ghaferi, A. A. & Hutchins, G. M. Progression of liver pathology in patients undergoing the Fontan procedure: chronic passive 

congestion, cardiac cirrhosis, hepatic adenoma, and hepatocellular carcinoma. J. Thorac. Cardiovasc. Surg. 129, 1348–1352. https​
://doi.org/10.1016/j.jtcvs​.2004.10.005 (2005).

	 6.	 Asrani, S. K., Warnes, C. A. & Kamath, P. S. Hepatocellular carcinoma after the Fontan procedure. N. Engl. J. Med. 368, 1756–1757. 
https​://doi.org/10.1056/NEJMc​12142​22 (2013).

	 7.	 Shimizu, H. et al. Thoracic and cardiovascular surgery in Japan in 2016: annual report by The Japanese Association for Thoracic 
Surgery. Gen. Thorac. Cardiovasc. Surg. 67, 377–411. https​://doi.org/10.1007/s1174​8-019-01068​-9 (2019).

	 8.	 de Leval, M. R. & Deanfield, J. E. Four decades of Fontan palliation. Nat. Rev. Cardiol. 7, 520–527. https​://doi.org/10.1038/nrcar​
dio.2010.99 (2010).

	 9.	 Weixler, V. H. M. et al. Fontan with lateral tunnel is associated with improved survival compared with extracardiac conduit. J. 
Thorac. Cardiovasc. Surg. 159, 1480-1491.e1482. https​://doi.org/10.1016/j.jtcvs​.2019.11.048 (2020).

	10.	 McRae, M. E. Long-term issues after the Fontan procedure. AACN Adv. Crit. Care 24, 264–282. https​://doi.org/10.1097/NCI.0b013​
e3182​9744c​7 (2013) ((quiz 283–264)).

	11.	 Asrani, S. K. et al. Congenital heart disease and the liver. Hepatology 56, 1160–1169. https​://doi.org/10.1002/hep.25692​ (2012).
	12.	 Deal, B. J. & Jacobs, M. L. Management of the failing Fontan circulation. Heart 98, 1098–1104. https​://doi.org/10.1136/heart​jnl-

2011-30113​3 (2012).
	13.	 Kiesewetter, C. H. et al. Hepatic changes in the failing Fontan circulation. Heart 93, 579–584. https​://doi.org/10.1136/hrt.2006.09451​

6 (2007).
	14.	 Daniels, C. J. et al. Fontan-associated liver disease: proceedings from the American College of Cardiology Stakeholders Meeting, 

October 1 to 2, 2015 Washington DC. J. Am. Coll. Cardiol. 70, 3173–3194. https​://doi.org/10.1016/j.jacc.2017.10.045 (2017).
	15.	 Lautt, W. W. Mechanism and role of intrinsic regulation of hepatic arterial blood flow: hepatic arterial buffer response. Am. J. 

Physiol. 249, G549-556. https​://doi.org/10.1152/ajpgi​.1985.249.5.G549 (1985).
	16.	 Ohuchi, H. Adult patients with Fontan circulation: What we know and how to manage adults with Fontan circulation?. J. Cardiol. 

68, 181–189. https​://doi.org/10.1016/j.jjcc.2016.04.001 (2016).
	17.	 Téllez, L., Rodríguez-Santiago, E. & Albillos, A. Fontan-associated liver disease: a review. Ann Hepatol 17, 192–204. https​://doi.

org/10.5604/01.3001.0010.8634 (2018).
	18.	 Wu, F. M. et al. Liver disease in the patient with Fontan circulation. Congenit. Heart Dis. 6, 190–201. https​://doi.org/10.111

1/j.1747-0803.2011.00504​.x (2011).
	19.	 Baek, J. S. et al. Late hepatic complications after Fontan operation; non-invasive markers of hepatic fibrosis and risk factors. Heart 

96, 1750–1755. https​://doi.org/10.1136/hrt.2010.20177​2 (2010).
	20.	 Wu, F. M. et al. Predictive value of biomarkers of hepatic fibrosis in adult Fontan patients. J. Heart Lung Transplant. 36, 211–219. 

https​://doi.org/10.1016/j.healu​n.2016.07.011 (2017).
	21.	 Camposilvan, S. et al. Liver and cardiac function in the long term after Fontan operation. Ann. Thorac. Surg. 86, 177–182. https​://

doi.org/10.1016/j.athor​acsur​.2008.03.077 (2008).
	22.	 Fujisawa, T. & Tanaka, Y. Liver diseases in the fontan circulation. Pediatr. Cardiol Cardiac Surg. 29, 162–170 (2013).
	23.	 Shimizu, M. et al. Risk factors and serological markers of liver cirrhosis after Fontan procedure. Heart Vessels 31, 1514–1521. https​

://doi.org/10.1007/s0038​0-015-0743-4 (2016).

https://doi.org/10.1161/CIRCULATIONAHA.106.676445
https://doi.org/10.1161/CIRCULATIONAHA.107.738559
https://doi.org/10.1016/j.amjcard.2014.10.032
https://doi.org/10.1016/j.jtcvs.2004.10.005
https://doi.org/10.1016/j.jtcvs.2004.10.005
https://doi.org/10.1056/NEJMc1214222
https://doi.org/10.1007/s11748-019-01068-9
https://doi.org/10.1038/nrcardio.2010.99
https://doi.org/10.1038/nrcardio.2010.99
https://doi.org/10.1016/j.jtcvs.2019.11.048
https://doi.org/10.1097/NCI.0b013e31829744c7
https://doi.org/10.1097/NCI.0b013e31829744c7
https://doi.org/10.1002/hep.25692
https://doi.org/10.1136/heartjnl-2011-301133
https://doi.org/10.1136/heartjnl-2011-301133
https://doi.org/10.1136/hrt.2006.094516
https://doi.org/10.1136/hrt.2006.094516
https://doi.org/10.1016/j.jacc.2017.10.045
https://doi.org/10.1152/ajpgi.1985.249.5.G549
https://doi.org/10.1016/j.jjcc.2016.04.001
https://doi.org/10.5604/01.3001.0010.8634
https://doi.org/10.5604/01.3001.0010.8634
https://doi.org/10.1111/j.1747-0803.2011.00504.x
https://doi.org/10.1111/j.1747-0803.2011.00504.x
https://doi.org/10.1136/hrt.2010.201772
https://doi.org/10.1016/j.healun.2016.07.011
https://doi.org/10.1016/j.athoracsur.2008.03.077
https://doi.org/10.1016/j.athoracsur.2008.03.077
https://doi.org/10.1007/s00380-015-0743-4
https://doi.org/10.1007/s00380-015-0743-4


12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21742  | https://doi.org/10.1038/s41598-020-78840-y

www.nature.com/scientificreports/

	24.	 Kuno, A. et al. A serum “sweet-doughnut” protein facilitates fibrosis evaluation and therapy assessment in patients with viral 
hepatitis. Sci. Rep. 3, 1065. https​://doi.org/10.1038/srep0​1065 (2013).

	25.	 Kim, T. H. et al. Abdominal imaging findings in adult patients with Fontan circulation. Insights Imaging 9, 357–367. https​://doi.
org/10.1007/s1324​4-018-0609-2 (2018).

	26.	 Nakatsuka, T. et al. Identification of liver fibrosis using the hepatic vein waveform in patients with Fontan circulation. Hepatol. 
Res. 49, 304–313. https​://doi.org/10.1111/hepr.13248​ (2019).

	27.	 Wolff, D. et al. The Fontan circulation and the liver: a magnetic resonance diffusion-weighted imaging study. Int. J. Cardiol. 202, 
595–600. https​://doi.org/10.1016/j.ijcar​d.2015.09.088 (2016).

	28.	 Nakajima, K. et al. Visual liver assessment using Gd-EOB-DTPA-enhanced magnetic resonance imaging of patients in the early 
post-Fontan period. Sci. Rep. 10, 4909. https​://doi.org/10.1038/s4159​8-020-61618​-7 (2020).

	29.	 Wu, F. M. et al. Transient elastography may identify Fontan patients with unfavorable hemodynamics and advanced hepatic fibrosis. 
Congenit. Heart Dis. 9, 438–447. https​://doi.org/10.1111/chd.12159​ (2014).

	30.	 Sugimoto, M. et al. Non-invasive assessment of liver fibrosis by magnetic resonance elastography in patients with congenital heart 
disease undergoing the Fontan procedure and intracardiac repair. J. Cardiol. 68, 202–208. https​://doi.org/10.1016/j.jjcc.2016.05.016 
(2016).

	31.	 Horvat, N. et al. Multimodality screening of hepatic nodules in patients with congenital heart disease after Fontan procedure: role 
of ultrasound, ARFI elastography, CT, and MRI. AJR 211, 1212–1220. https​://doi.org/10.2214/AJR.18.19762​ (2018).

	32.	 Rathgeber, S. L. et al. Fontan-associated liver disease: spectrum of disease in children and adolescents. J. Am. Heart Assoc. 9, 
e012529. https​://doi.org/10.1161/JAHA.119.01252​9 (2020).

	33.	 Melero-Ferrer, J. L. et al. Fontan circulation in adult patients: acoustic radiation force impulse elastography as a useful tool for 
liver assessment. World J. Pediatr. Congenit. Heart Surg. 5, 365–371. https​://doi.org/10.1177/21501​35114​53017​2 (2014).

	34.	 Bradley, C. R. et al. Multi-organ assessment of compensated cirrhosis patients using quantitative magnetic resonance imaging. J. 
Hepatol. 69, 1015–1024. https​://doi.org/10.1016/j.jhep.2018.05.037 (2018).

	35.	 Johnson, J. A. et al. Identifying predictors of hepatic disease in patients after the Fontan operation: a postmortem analysis. J. Thorac. 
Cardiovasc. Surg. 146, 140–145. https​://doi.org/10.1016/j.jtcvs​.2012.09.005 (2013).

	36.	 Kendall, T. J. et al. Hepatic fibrosis and cirrhosis in the Fontan circulation: a detailed morphological study. J. Clin. Pathol. 61, 
504–508. https​://doi.org/10.1136/jcp.2007.05236​5 (2008).

	37.	 Schwartz, M. C. et al. Portal and sinusoidal fibrosis are common on liver biopsy after Fontan surgery. Pediatr. Cardiol. 34, 135–142. 
https​://doi.org/10.1007/s0024​6-012-0402-9 (2013).

	38.	 Komatsu, H. et al. Liver disease secondary to congenital heart disease in children. Expert Rev. Gastroenterol. Hepatol. https​://doi.
org/10.1080/17474​124.2019.16217​46 (2019).

	39.	 Hilscher, M. & Sanchez, W. Congestive hepatopathy. Clin. Liver Dis. (Hoboken) 8, 68–71. https​://doi.org/10.1002/cld.573 (2016).
	40.	 Malinchoc, M. et al. A model to predict poor survival in patients undergoing transjugular intrahepatic portosystemic shunts. 

Hepatology 31, 864–871. https​://doi.org/10.1053/he.2000.5852 (2000).
	41.	 Heuman, D. M. et al. MELD-XI: a rational approach to “sickest first” liver transplantation in cirrhotic patients requiring antico-

agulant therapy. Liver Transpl. 13, 30–37. https​://doi.org/10.1002/lt.20906​ (2007).
	42.	 Evans, W. N. et al. MELD-XI scores correlate with post-Fontan hepatic biopsy fibrosis scores. Pediatr. Cardiol. 37, 1274–1277. 

https​://doi.org/10.1007/s0024​6-016-1428-1 (2016).
	43.	 Berg, C. J., Bauer, B. S., Hageman, A., Aboulhosn, J. A. & Reardon, L. C. Mortality risk stratification in Fontan patients who 

underwent heart transplantation. Am. J. Cardiol. 119, 1675–1679. https​://doi.org/10.1016/j.amjca​rd.2017.02.005 (2017).
	44.	 Gordon-Walker, T. T., Bove, K. & Veldtman, G. Fontan-associated liver disease: a review. J. Cardiol. https​://doi.org/10.1016/j.

jjcc.2019.02.016 (2019).
	45.	 Forns, X. et al. Identification of chronic hepatitis C patients without hepatic fibrosis by a simple predictive model. Hepatology 36, 

986–992. https​://doi.org/10.1053/jhep.2002.36128​ (2002).
	46.	 McPherson, S. et al. Age as a confounding factor for the accurate non-invasive diagnosis of advanced NAFLD fibrosis. Am. J. 

Gastroenterol. 112, 740–751. https​://doi.org/10.1038/ajg.2016.453 (2017).
	47.	 Elder, R. W. et al. Features of portal hypertension are associated with major adverse events in Fontan patients: the VAST study. Int. 

J. Cardiol. 168, 3764–3769. https​://doi.org/10.1016/j.ijcar​d.2013.06.008 (2013).
	48.	 Zentner, D. et al. Management of people with a Fontan circulation: a cardiac society of Australia and New Zealand Position state-

ment. Heart Lung Circ. 29, 5–39. https​://doi.org/10.1016/j.hlc.2019.09.010 (2020).
	49.	 Kuwabara, M. et al. Liver cirrhosis and/or hepatocellular carcinoma occurring late after the fontan procedure—a nationwide survey 

in Japan. Circ. J. 82, 1155–1160. https​://doi.org/10.1253/circj​.CJ-17-1053 (2018).
	50.	 Fukui, H. et al. Evidence-based clinical practice guidelines for liver cirrhosis 2015. J. Gastroenterol. 51, 629–650. https​://doi.

org/10.1007/s0053​5-016-1216-y (2016).
	51.	 Pundi, K. et al. Liver disease in patients after the Fontan operation. Am. J. Cardiol. 117, 456–460. https​://doi.org/10.1016/j.amjca​

rd.2015.11.014 (2016).
	52.	 Bryant, R. & Morales, D. Overview of adult congenital heart transplants. Ann. Cardiothorac. Surg. 7, 143–151. https​://doi.

org/10.21037​/acs.2018.01.01 (2018).
	53.	 Téllez, L. et al. Prevalence, features and predictive factors of liver nodules in Fontan surgery patients: the VALDIG Fonliver pro-

spective cohort. J. Hepatol. 72, 702–710. https​://doi.org/10.1016/j.jhep.2019.10.027 (2020).
	54.	 Egbe, A. C. et al. Hepatocellular carcinoma after Fontan operation. Circulation 138, 746–748. https​://doi.org/10.1161/CIRCU​

LATIO​NAHA.117.03271​7 (2018).
	55.	 Johnson, K. B. et al. Advanced disease, diuretic use, and marital status predict hospital admissions in an ambulatory cirrhosis 

cohort. Dig. Dis. Sci. 59, 174–182. https​://doi.org/10.1007/s1062​0-013-2832-5 (2014).
	56.	 Sagawa, T. et al. Characteristics of hepatocellular carcinoma arising from Fontan-associated liver disease. Hepatol. Res. https​://doi.

org/10.1111/hepr.13500​ (2020).
	57.	 Choi, J. Y. et al. Focal nodular hyperplasia or focal nodular hyperplasia-like lesions of the liver: a special emphasis on diagnosis. 

J. Gastroenterol. Hepatol. 26, 1004–1009. https​://doi.org/10.1111/j.1440-1746.2011.06659​.x (2011).
	58.	 Khan, M. A. et al. Positron emission tomography scanning in the evaluation of hepatocellular carcinoma. J. Hepatol. 32, 792–797. 

https​://doi.org/10.1016/s0168​-8278(00)80248​-2 (2000).
	59.	 Wells, M. L. et al. Benign nodules in post-Fontan livers can show imaging features considered diagnostic for hepatocellular car-

cinoma. Abdom. Radiol. (NY) 42, 2623–2631. https​://doi.org/10.1007/s0026​1-017-1181-9 (2017).
	60.	 Kudo, M. et al. JSH consensus-based clinical practice guidelines for the management of hepatocellular carcinoma: 2014 update by 

the liver cancer study group of Japan. Liver Cancer 3, 458–468. https​://doi.org/10.1159/00034​3875 (2014).
	61.	 Marrero, J. A. et al. Diagnosis, staging, and management of hepatocellular carcinoma: 2018 practice guidance by the American 

Association for the Study of Liver Diseases. Hepatology 68, 723–750. https​://doi.org/10.1002/hep.29913​ (2018).
	62.	 Miyagawa, S., Makuuchi, M., Kawasaki, S. & Kakazu, T. Criteria for safe hepatic resection. Am. J. Surg. 169, 589–594. https​://doi.

org/10.1016/s0002​-9610(99)80227​-x (1995).
	63.	 Nemoto, S. et al. A patient with post-Fontan operation underwent left hepatectomy and caudate lobectomy for hepatocellular 

carcinoma: a case report. Surg. Case Rep. 6, 104. https​://doi.org/10.1186/s4079​2-020-00866​-1 (2020).

https://doi.org/10.1038/srep01065
https://doi.org/10.1007/s13244-018-0609-2
https://doi.org/10.1007/s13244-018-0609-2
https://doi.org/10.1111/hepr.13248
https://doi.org/10.1016/j.ijcard.2015.09.088
https://doi.org/10.1038/s41598-020-61618-7
https://doi.org/10.1111/chd.12159
https://doi.org/10.1016/j.jjcc.2016.05.016
https://doi.org/10.2214/AJR.18.19762
https://doi.org/10.1161/JAHA.119.012529
https://doi.org/10.1177/2150135114530172
https://doi.org/10.1016/j.jhep.2018.05.037
https://doi.org/10.1016/j.jtcvs.2012.09.005
https://doi.org/10.1136/jcp.2007.052365
https://doi.org/10.1007/s00246-012-0402-9
https://doi.org/10.1080/17474124.2019.1621746
https://doi.org/10.1080/17474124.2019.1621746
https://doi.org/10.1002/cld.573
https://doi.org/10.1053/he.2000.5852
https://doi.org/10.1002/lt.20906
https://doi.org/10.1007/s00246-016-1428-1
https://doi.org/10.1016/j.amjcard.2017.02.005
https://doi.org/10.1016/j.jjcc.2019.02.016
https://doi.org/10.1016/j.jjcc.2019.02.016
https://doi.org/10.1053/jhep.2002.36128
https://doi.org/10.1038/ajg.2016.453
https://doi.org/10.1016/j.ijcard.2013.06.008
https://doi.org/10.1016/j.hlc.2019.09.010
https://doi.org/10.1253/circj.CJ-17-1053
https://doi.org/10.1007/s00535-016-1216-y
https://doi.org/10.1007/s00535-016-1216-y
https://doi.org/10.1016/j.amjcard.2015.11.014
https://doi.org/10.1016/j.amjcard.2015.11.014
https://doi.org/10.21037/acs.2018.01.01
https://doi.org/10.21037/acs.2018.01.01
https://doi.org/10.1016/j.jhep.2019.10.027
https://doi.org/10.1161/CIRCULATIONAHA.117.032717
https://doi.org/10.1161/CIRCULATIONAHA.117.032717
https://doi.org/10.1007/s10620-013-2832-5
https://doi.org/10.1111/hepr.13500
https://doi.org/10.1111/hepr.13500
https://doi.org/10.1111/j.1440-1746.2011.06659.x
https://doi.org/10.1016/s0168-8278(00)80248-2
https://doi.org/10.1007/s00261-017-1181-9
https://doi.org/10.1159/000343875
https://doi.org/10.1002/hep.29913
https://doi.org/10.1016/s0002-9610(99)80227-x
https://doi.org/10.1016/s0002-9610(99)80227-x
https://doi.org/10.1186/s40792-020-00866-1


13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21742  | https://doi.org/10.1038/s41598-020-78840-y

www.nature.com/scientificreports/

	64.	 Angelico, R. et al. Laparoscopic liver resection for hepatocellular carcinoma in Fontan-associated chronic liver disease. The first 
case report. Int. J. Surg. Case Rep. 59, 144–147. https​://doi.org/10.1016/j.ijscr​.2019.05.029 (2019).

	65.	 Yokota, Y. et al. A case report of Fontan procedure-related hepatocellular carcinoma: pure laparoscopic approach by low and stable 
pneumoperitoneum. BMC Surg. 20, 80. https​://doi.org/10.1186/s1289​3-020-00741​-8 (2020).

	66.	 Mazzarelli, C. et al. Hepatocellular carcinoma as a complication of vascular disease of the liver after Fontan procedure. Hepatology 
69, 911–913. https​://doi.org/10.1002/hep.30194​ (2019).

	67.	 Ogasawara, Y. et al. A case of Fontan-related hepatocellular carcinoma successfully treated with proton beam therapy. Clin. J. 
Gastroenterol. 13, 73–78. https​://doi.org/10.1007/s1232​8-019-01010​-9 (2020).

	68.	 Mizumoto, M. et al. Proton beam therapy for hepatocellular carcinoma: a comparison of three treatment protocols. Int J Radiat 
Oncol Biol Phys 81, 1039–1045. https​://doi.org/10.1016/j.ijrob​p.2010.07.015 (2011).

	69.	 Goldberg, D. J. et al. Hepatic fibrosis is universal following fontan operation, and severity is associated with time from surgery: a 
liver biopsy and hemodynamic study. J. Am. Heart Assoc. https​://doi.org/10.1161/JAHA.116.00480​9 (2017).

	70.	 Ioannou, G. N. et al. Incidence and predictors of hepatocellular carcinoma in patients with cirrhosis. Clin. Gastroenterol. Hepatol. 
5(938–945), 945.e931–934. https​://doi.org/10.1016/j.cgh.2007.02.039 (2007).

	71.	 Ohuchi, H. et al. Comparison of prognostic variables in children and adults with Fontan circulation. Int. J. Cardiol. 173, 277–283. 
https​://doi.org/10.1016/j.ijcar​d.2014.03.001 (2014).

	72.	 Pundi, K. N. et al. 40-year follow-up after the Fontan operation: long-term outcomes of 1,052 patients. J. Am. Coll. Cardiol. 66, 
1700–1710. https​://doi.org/10.1016/j.jacc.2015.07.065 (2015).

	73.	 Rodríguez de Santiago, E., Téllez, L., Guerrero, A. & Albillos, A. Hepatocellular carcinoma after Fontan surgery: a systematic 
review. Hepatol. Res. https​://doi.org/10.1111/hepr.13582​ (2020).

	74.	 Bruix, J. et al. Maintenance therapy with peginterferon alfa-2b does not prevent hepatocellular carcinoma in cirrhotic patients 
with chronic hepatitis C. Gastroenterology 140, 1990–1999. https​://doi.org/10.1053/j.gastr​o.2011.03.010 (2011).

	75.	 Sangiovanni, A. et al. Increased survival of cirrhotic patients with a hepatocellular carcinoma detected during surveillance. Gas-
troenterology 126, 1005–1014. https​://doi.org/10.1053/j.gastr​o.2003.12.049 (2004).

	76.	 Rychik, J. et al. The precarious state of the liver after a Fontan operation: summary of a multidisciplinary symposium. Pediatr. 
Cardiol. 33, 1001–1012. https​://doi.org/10.1007/s0024​6-012-0315-7 (2012).

	77.	 DeMaso, D. R. et al. Psychiatric disorders in adolescents with single ventricle congenital heart disease. Pediatrics https​://doi.
org/10.1542/peds.2016-2241 (2017).

	78.	 Goossens, E. et al. Transfer of adolescents with congenital heart disease from pediatric cardiology to adult health care: an analysis 
of transfer destinations. J. Am. Coll. Cardiol. 57, 2368–2374. https​://doi.org/10.1016/j.jacc.2010.11.068 (2011).

	79.	 Bae, J. M. et al. Fontan-associated liver disease: spectrum of US findings. Eur. J. Radiol. 85, 850–856. https​://doi.org/10.1016/j.
ejrad​.2016.02.002 (2016).

	80.	 Josephus-Jitta, D. et al. Three cases of hepatocellular carcinoma in Fontan patients: review of the literature and suggestions for 
hepatic screening. Int. J. Cardiol. 206, 21–26. https​://doi.org/10.1016/j.ijcar​d.2015.12.033 (2016).

	81.	 Foucher, J. et al. Diagnosis of cirrhosis by transient elastography (FibroScan): a prospective study. Gut 55, 403–408. https​://doi.
org/10.1136/gut.2005.06915​3 (2006).

	82.	 Kutty, S. S. et al. Increased hepatic stiffness as consequence of high hepatic afterload in the Fontan circulation: a vascular Doppler 
and elastography study. Hepatology 59, 251–260. https​://doi.org/10.1002/hep.26631​ (2014).

	83.	 Diamond, T. & Ovchinsky, N. Fontan-associated liver disease: Monitoring progression of liver fibrosis. Clin. Liver Dis. (Hoboken) 
11, 1–5. https​://doi.org/10.1002/cld.681 (2018).

	84.	 Ewe, S. H. & Tan, J. L. Hepatocelluar carcinoma—a rare complication post fontan operation. Congenit. Heart Dis. 4, 103–106 
(2009).

	85.	 Saliba, T. et al. Hepatocellular carcinoma in two patients with cardiac cirrhosis. Eur. J. Gastroenterol. Hepatol. 22, 889–891. https​
://doi.org/10.1097/MEG.0b013​e3283​2e2be​c (2010).

	86.	 Rosenbaum, J., Vrazas, J., Lane, G. K. & Hardikar, W. Cardiac cirrhosis and hepatocellular carcinoma in a 13-year-old treated 
with doxorubicin microbead transarterial chemoembolization. J. Paediatr. Child Health 48, E140-143. https​://doi.org/10.111
1/j.1440-1754.2010.01932​.x (2012).

	87.	 Elder, R. W., Parekh, S. & Book, W. M. More on hepatocellular carcinoma after the Fontan procedure. N. Engl. J. Med. 369, 490. 
https​://doi.org/10.1056/NEJMc​13068​54 (2013).

	88.	 Wallihan, D. B. & Podberesky, D. J. Hepatic pathology after Fontan palliation: spectrum of imaging findings. Pediatr. Radiol. 43, 
330–338. https​://doi.org/10.1007/s0024​7-012-2531-y (2013).

	89.	 Rajoriya, N., Clift, P., Thorne, S., Hirschfield, G. M. & Ferguson, J. W. A liver mass post-Fontan operation. QJM 107, 571–572. 
https​://doi.org/10.1093/qjmed​/hcu02​0 (2014).

	90.	 Weyker, P. D., Allen-John Webb, C., Emond, J. C., Brentjens, T. E. & Johnston, T. A. Anesthetic implications of extended right 
hepatectomy in a patient with fontan physiology. A A Case Rep 2, 99–101. https​://doi.org/10.1213/XAA.00000​00000​00001​2 (2014).

	91.	 Yamada, K. et al. Transarterial embolization for pediatric hepatocellular carcinoma with cardiac cirrhosis. Pediatr. Int. 57, 766–770. 
https​://doi.org/10.1111/ped.12619​ (2015).

	92.	 Kwon, S. et al. Surgical management of hepatocellular carcinoma after Fontan procedure. J. Gastrointest. Oncol. 6, E55-60. https​
://doi.org/10.3978/j.issn.2078-6891.2015.009 (2015).

	93.	 Oh, C. et al. Hepatocellular carcinoma after the Fontan procedure in a 16-year-old girl: a case report. Medicine (Baltimore) 95, 
e4823. https​://doi.org/10.1097/MD.00000​00000​00482​3 (2016).

	94.	 Takuma, Y. et al. Surgical resection for hepatocellular carcinoma with cardiac cirrhosis after the Fontan procedure. Intern. Med. 
55, 3265–3272. https​://doi.org/10.2169/inter​nalme​dicin​e.55.6869 (2016).

	95.	 Lo, K. S. et al. Left hepatectomy in a patient with a Fontan circulation. Transl. Gastroenterol. Hepatol. 3, 51. https​://doi.org/10.21037​
/tgh.2018.07.10 (2018).

Acknowledgements
We would like to express our gratitude to Professor Hisashi Sugiyama and Dr. Tokuko Shinohara of the Pediatric 
cardiology and adult congenital cardiology, TWMU for supervising the follow-up. We also thank Dr. Etsuko 
Hashimoto of Seibu Railway Company Health Support Center for supervision; We also thank Professor Masakazu 
Yamamoto, Dr. Shunichi Ariizumi, and Dr. Yoshihito Kotera of the Institute of Gastroenterology, Department 
of Surgery, TWMU for surgical treatment of liver tumors.

Author contributions
Conception, and design: T.K. Drafting of the manuscript: T.K. and K.T.

https://doi.org/10.1016/j.ijscr.2019.05.029
https://doi.org/10.1186/s12893-020-00741-8
https://doi.org/10.1002/hep.30194
https://doi.org/10.1007/s12328-019-01010-9
https://doi.org/10.1016/j.ijrobp.2010.07.015
https://doi.org/10.1161/JAHA.116.004809
https://doi.org/10.1016/j.cgh.2007.02.039
https://doi.org/10.1016/j.ijcard.2014.03.001
https://doi.org/10.1016/j.jacc.2015.07.065
https://doi.org/10.1111/hepr.13582
https://doi.org/10.1053/j.gastro.2011.03.010
https://doi.org/10.1053/j.gastro.2003.12.049
https://doi.org/10.1007/s00246-012-0315-7
https://doi.org/10.1542/peds.2016-2241
https://doi.org/10.1542/peds.2016-2241
https://doi.org/10.1016/j.jacc.2010.11.068
https://doi.org/10.1016/j.ejrad.2016.02.002
https://doi.org/10.1016/j.ejrad.2016.02.002
https://doi.org/10.1016/j.ijcard.2015.12.033
https://doi.org/10.1136/gut.2005.069153
https://doi.org/10.1136/gut.2005.069153
https://doi.org/10.1002/hep.26631
https://doi.org/10.1002/cld.681
https://doi.org/10.1097/MEG.0b013e32832e2bec
https://doi.org/10.1097/MEG.0b013e32832e2bec
https://doi.org/10.1111/j.1440-1754.2010.01932.x
https://doi.org/10.1111/j.1440-1754.2010.01932.x
https://doi.org/10.1056/NEJMc1306854
https://doi.org/10.1007/s00247-012-2531-y
https://doi.org/10.1093/qjmed/hcu020
https://doi.org/10.1213/XAA.0000000000000012
https://doi.org/10.1111/ped.12619
https://doi.org/10.3978/j.issn.2078-6891.2015.009
https://doi.org/10.3978/j.issn.2078-6891.2015.009
https://doi.org/10.1097/MD.0000000000004823
https://doi.org/10.2169/internalmedicine.55.6869
https://doi.org/10.21037/tgh.2018.07.10
https://doi.org/10.21037/tgh.2018.07.10


14

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21742  | https://doi.org/10.1038/s41598-020-78840-y

www.nature.com/scientificreports/

Competing interests 
KT has received research funding from Sumitomo Dainippon Pharma Co., Ltd., Astellas Pharma Inc., Eisai Co., 
Ltd., Taiho Pharmaceutical Co., Ltd., Chugai Pharmaceutical Co., Ltd., Daiichi Sankyo Pharmaceutical Co., 
Ltd., AbbVie GK, Takeda Pharmaceutical Co. Ltd., Asahi Kasei Corporation. Ajinomoto Co., Inc., and Otsuka 
Pharmaceutical Co., Ltd. TK; Nothing to declare.

Additional information
Correspondence and requests for materials should be addressed to T.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Fontan-associated liver disease and hepatocellular carcinoma in adults
	Fontan procedures. 
	Fontan physiology. 
	Prevalence and diagnosis of FALD. 
	Diagnosis of liver cirrhosis by invasive and non-invasive biomarkers in FALD. 
	Treatment for FALD. 
	Prevalence, characteristics, and diagnosis of HCC. 
	Treatment and outcomes of HCC. 
	Risk factors for FALD and FALD-HCC. 
	Surveillance of FALD and HCC. 
	Mental health care and transitional care of FALD in adults. 
	Conclusion and future perspective
	Ethical approval. 
	Informed consent. 

	References
	Acknowledgements


