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Abstract

Aims

Liver fibrosis and cirrhosis are a consequence of a Fontan physiology, and determine prognosis. It is
unclear whether non-invasive assessment of liver pathology is helpful to provide clinically relevant
information. The aims of this study were to assess the spectrum of Fontan-associated liver disease

(FALD) and usefulness of non-invasive methods to assess biopsy confirmed liver fibrosis.

Methods

Hepatic screening of consecutive patients consisted of a blood panel, ultrasonography, elastography,
contrast-enhanced MRI/CT, and liver biopsy (scored with Fontan specific fibrosis scores and collagen
proportionate area; CPA). Fibrosis parameters, varices, ascites, and splenomegaly were measured on

imaging.

Results

38/49 referred patients (27 6.6 years, 73.7% male) underwent the complete screening protocol.
Liver fibrosis on biopsy was present in all patients, and classified as severe (stage 3-4) in 68%. Median
CPA was 22.5% (16.9-29.5) and correlated with individual fibrosis scores. ELF® and liver stiffness were
elevated, but MELD-XI scores were low in all patients. Fibrosis severity neither correlated to ELF® and
liver stiffness, nor to (semi-) quantitative fibrosis parameters on MRI/CT. Varices were present in 50%
and hyper-enhancing nodules in 25% of patients, both independent of fibrosis stage, but varices

were associated with higher CPA values.

Conclusion

The FALD spectrum includes both hepatic congestion and severe fibrosis, with signs of portal
hypertension and hyper-enhancing nodules as significant manifestations. Routine imaging, transient
elastography and serum biomarkers are unable to accurately assess severity of liver fibrosis in this
cohort. Future research should focus on validating new diagnostic tools with biopsy as the reference

standard.

Keywords (6): Fontan, Fontan-associated liver disease, liver fibrosis/cirrhosis, , liver biopsy, screening,

nodules



Introduction

Structural hepatic changes are a recognized complication after palliative Fontan surgery of patients
with severe congenital heart disease.”2 The Fontan procedure establishes a unique hemodynamic
physiology, resulting from a direct conduit between caval veins and pulmonary arteries.>* As a
consequence, caval pressure rises resulting in elevated hepatic afterload, liver congestion, and

increased risk of liver fibrosis.”

Multidisciplinary consensus recommends hepatological evaluation of patients for Fontan-associated
liver disease (FALD), however specific guidelines how to commence screening are lacking.® Since liver
fibrosis is mostly asymptomatic, clinical history and physical examination are of limited value. As in
many other chronic liver diseases routine liver biochemistry is inaccurate to quantify Fontan-
associated liver fibrosis.>!! Several non-invasive tools, such as transient elastography and fibrosis
biomarkers have gained traction to diagnose and quantify fibrosis, but have only been evaluated to a
limited extent in this population.'>* A liver biopsy is considered to be the gold standard for staging
of hepatic fibrosis, and is used as the reference standard method in evaluations of biomarkers and
non-invasive markers of liver fibrosis. However, biopsies are invasive and carry a certain risk of
complications, in particular bleeding.!® The exact bleeding risk is unknown, but could be high in the
Fontan population in view of the frequent use of anticoagulants.” There are a number of studies that
have evaluated the extent of liver disease in this population but they are hampered by retrospective
design, selection bias, or the absence of histology as reference standard.” 124 1824 |t js unclear which
investigations contribute to true prognostic information that changes clinical management and

outcomes.

The aims of this study were (1) to assess the clinical spectrum of FALD including signs of portal
hypertension and hepatic nodules in asymptomatic patients with a Fontan physiology, and (2) to
examine the usefulness of serum and image-based fibrosis markers to assess fibrosis, in comparison

to liver biopsy as the reference standard.

Methods

Study population

All consecutive patients (18 years or older) with a Fontan physiology, monitored at the congenital
cardiology department of the Radboud university medical centre were referred to the hepatology
department for a prospective screening programme for liver disease. Inclusion took place from

November 2015 to September 2017. The screening protocol consisted of routine biochemistry



testing, VO2max exercise test, cardiac and liver ultrasound, transient elastography, advanced imaging
of the liver with MRI or CT, and liver biopsy. Patients were required to consent for the individual
procedures. All procedures were performed on the same day, while the liver biopsy procedure and
advanced imaging were performed within a range of three months. Data from clinical evaluations
was collected through chart review. The study was approved by the institutional review board of the

Radboud university medical centre (no. 2015-2132).

Clinical evaluation

All patients were simultaneously clinically evaluated at the departments of Hepatology and
Cardiology. Patients were evaluated for risk factors for liver disease such as alcohol and drug use.
Physical examination included hemodynamic parameters and signs of Fontan failure or liver disease
such as peripheral edema, ascites, spider naevi, palmar erythema, and jaundice. Patients underwent

cardiac ultrasonography, visually assessing global ventricle function, and a VO2 max test. %26

Liver biopsy and histological assessment

Ultra-sound guided percutaneous liver biopsy (16G, true-cut or suction biopsy) was performed under
conscious sedation by experienced hepatologists (ET, JD). Liver tissue slides were stained with
hematoxylin-eosin, elastica-Van Gieson, and picrosirius red. Slides were evaluated independently by
two liver pathologists experienced in vascular liver disease (CB, TK). Adequate biopsy samples were
defined as length > 2cm and the presence of 2 11 portal tracts. Three fibrosis scores, previously
reported to assess Fontan-associated liver fibrosis, were assessed: Gross architectural distortion
score,’® scoring overall fibrosis distribution and architectural changes (ranging 0-4); A four
component score,?® scoring portal fibrosis (0-4), sinusoidal fibrosis (0-4), sinusoidal dilation (0-3),

).?’ See

portal inflammation (0-3); and the congestive heart failure fibrosis score (CHFS; 0-4
supplementary files for exact description of scores.

To obtain a comprehensive overview of total amount of fibrosis present, the percentage of total
tissue area occupied by collagen (picrosirius red stain) or so-called collagen proportionate area (CPA)

was calculated, as described before.?® Steatosis was assessed with NAFLD activity score (0-3).%°

Laboratory evaluation

Laboratory testing included routine liver biochemistry (alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphotase (ALP), gamma-glutamyl transferase (GGT), total
bilirubin, and liver function tests (INR or prothrombin time, platelets, and albumin). Hepatitis B and C
serology was tested. A commercial panel of direct fibrosis markers was assessed (Enhanced Liver
Fibrosis Test®, Siemens, the Netherlands) consisting of hyaluronic acid, PIIINP, and TIMP-1. The score

has a cut-off of > 7.7 for the presence of fibrosis.3° Furthermore the APRI, an indirect fibrosis score



was calculated from AST and platelets.3! Von Willebrand factor (vWf) and VITRO score (VWF/platelet
ratio), as surrogate markers for portal hypertension, were measured.3? 33 MELD-XI score (developed

to assess end-stage liver disease in patients on anticoagulants by excluding INR) was calculated.3

Liver ultrasonography and transient elastography

Dedicated liver ultrasonography (Hitachi Preius TM) was performed, and evaluation focused on
aspect, pattern of parenchyma and liver surface, assessment of focal lesions, presence of ascites, and
spleen size. Standardized Doppler flow measurements were performed on inferior caval vein
(diameter, respiratory variability), hepatic veins (diameter, flow pattern), portal vein (flow direction
and flow velocity), and hepatic artery (peak systolic flow velocity, end diastolic flow velocity, and
resistance index).

Liver stiffness (in kPa) was measured by transient elastography with Fibroscan 502°, assessing the
median of 210 measurements with an interquartile range/median < 30%.

Spleen diameter (mm) and platelet count were incorporated in the platelet/spleen ratio, with a
proposed cut-off of <909 for identification of patients at risk for presence of clinically relevant portal

hypertension.®

Advanced imaging

A contrast-enhanced MRI was performed (Dotarem®; gadoterate meglumine contrast, Siemens, 3
tesla), or in case this was not possible a multiphase liver CT-scan (iodinated contrast, Toshiba, slide
thickness 5 mm). For clinical CT and MRI protocols see supplementary methods. Liver radiologists
and a specialized vascular liver radiologist (MR) assessed and semi-quantitatively scored imaging
characteristics of fibrosis and portal hypertension: liver nodularity and dysmorphy, size of liver
segment 1 and 4, ascites, splenomegaly, and varices. Ascites was defined as the presence of any
amount of free fluid in the peritoneal cavity. Splenomegaly was defined as a spleen diameter > 12
cm. Spleen diameter was calculated as the largest spleen bipolar diameter at the splenic hilum.
Varices were defined as the presence of dilated vessels (regardless of the size) in one of the 5
territories of porto-systems shunting, i.e. gasto-esophageal, spleno-renal, para-umbilical or parietal,
mesenteric or peri-rectal, and retroperitoneal. Discrimination with systemic-pulmonary shunts was
made following the different pathways.

A combination of liver peripheral atrophy with hyper signal intensity on T2-weigthed imaging and
delayed enhancement (short ‘periphery’) and subcapsular intermingled enhanced septa (short
‘reticulation’) were scored on MRI. Apparent diffusion coefficient (ADC) and relative enhancement
ratio (RER) were calculated on diffusion-weighted imaging, as a modification of methodology

).36

described before (see supplementary methods).*® All focal liver lesions were described and when

larger than 10 mm scored on the following characteristics: signal T1 and T2 intensity, diffusion-



weighted intensity, intensity on different contrast-enhanced phases, washout, fat content, capsule
formation, and central scar. Alpha-fetoprotein (AFP) was measured in patients with focal liver

lesions.

Statistical analyses

Continuous data are presented with mean and standard deviation (+SD), nominal data as count (n)
and percentage (%), and ordinal or not normally distributed data with median and interquartile range
(25™-75%™ percentile). Independent t-test, or non-parametric tests where applicable, were used to
compare continuous variables. Chi-Square test was used to compare categorical variables and Mann-
Whitney U test for ordinal variables. Correlations were tested with Pearson’s correlation coefficient
or Spearman’s Rho, depending on the level of measurement. A two-sided level of p < 0.05 was
considered statistically significant. All statistical analyses were carried out using SPSS software

(version 22; SPSS Inc., Chicago, lllinois, USA).

Results

Clinical characteristics

A total of 49 patients with a Fontan physiology was referred for simultaneous cardiac and
hepatologic screening. Eleven patients refused biopsy, so they were excluded from further analyses.
The cohort consisted of 38 patients, prospectively assessed with the multimodality approach (see
Flowchart). Mean age at time of screening was 27 £ 6.6 years, with 74% males. Average time after
completion of the Fontan circulation was 21.4 £ 5.5 years. For all characteristics see Table 1.

Based on cardiac ultrasound assessment, 21 (55%) of patients had good systolic function of the
systemic ventricle, 15 patients (40%) had mild dysfunction and two (5%) moderate dysfunction.?
The majority of patients were classified as NYHA | (90%) or NYHA 11 (10%). All patients had regular
physical activity, but the mean VO,max, as a marker of exercise tolerance, was 25.2 + 5.8 ml/kg/min
corresponding with 56 + 12% of age and gender matched healthy individuals. 2°

Patients had a median BMI of 22.2 (20.3-24.6) kg/m? and a median alcohol consumption of 1 (0-4)
units/week. None tested positive for hepatitis B or C. Physical examination of patients did not reveal
any signs or symptoms suggestive for chronic liver disease. All, but one patient, were treated with
anti-thrombotics. Eleven patients (29%) used platelet aggregation inhibitors, while 26/38 used oral

anticoagulants (23/26 coumarin derivatives and 3/26 Direct Oral Anti-Coagulants).

Liver histology

All patients underwent percutaneous liver biopsy without any complications defined as severe pain,



bleeding, or any cause that required prolonged admission, additional diagnostic procedures, or
treatment. Antithrombotic or anticoagulant medication could be temporarily interrupted without
bridging. No thrombotic events occurred.

All biopsies were of sufficient quality. There was substantial interobserver agreement on portal
fibrosis score between both pathologists (kappa=0.747, 95% Cl: 0.615-0.879), but not on sinusoidal
fibrosis score (kappa=0.104, 95% Cl: -0.226-0.434).

The median gross architectural distortion score was 3 (2-4). Median score for portal fibrosis was 2 (2-
4) and for sinusoidal fibrosis 2 (1-2). Median CHFS was 3 (2.75-4). Eleven (29%) of patients had stage
4, cirrhosis, on all three scores. There were no patients without fibrosis on any of the scores (Figure
1A). Median sinusoidal dilatation was 1 (.75-2) and median portal inflammation score was 0, with
only three patients classified as mild to moderate inflammation (score 1-2). Steatosis was absent
from all biopsies. Median collagen proportionate area (CPA) was 22.5% (16.9-29.5). CPA correlated
with overall architectural distortion score (Rs=0.457), portal fibrosis score (Rs=0.524) and CHFS score
(Rs=0.419; all p<.01), but not with sinusoidal fibrosis score (Rs=0.102, p=0.541). Gross architectural
score, portal fibrosis score and CHFS all correlated significantly with each other (Rs>.800 and p<.001).

Key histopathological features of FALD are depicted in Figure 1B.

For further analyses, patients were divided in two groups, based on stage of fibrosis by gross
architectural distortion score: 16 patients (42%) had mild fibrosis (stage 1-2) and 22 (68%) had severe

fibrosis (stage 3-4).

Non-invasive assessment of FALD

1) Liver biochemistry

Liver biochemistry did not differ between patients with mild and severe fibrosis (Table 2). To
highlight, the majority of patients in both groups had an elevated GGT (80% of patients with mild
fibrosis vs. 86% of patients with severe fibrosis p=.670).

Bilirubin was increased in 30% of patients (20% with mild fibrosis and 41% with severe fibrosis,
p=.286). Platelets (10709/L) were within normal range in most cases (73% in both groups). MELD-XI
scores were similar between groups and almost all within normal range. None of the parameters

correlated with CPA (data not shown).

2) Serum fibrosis markers
Median ELF score was above the threshold of 7.7 in all patients, suggesting the presence of fibrosis.
Scores were similar between groups, median 9.03 (8.38-9.25) in mild and 9.20 (8.69-9.57) in severe

fibrosis (see figure 2A). APRI was also comparable between groups (median 0.42 (0.35-0.53) in mild



and 0.44 (0.35-0.64) in severe fibrosis (p=.531)). ELF and APRI did not correlate with CPA (Rs=.242,
p=.161 and Rs=.100, p=.555 respectively).

3) Ultrasonography and Elastography

Six patients with severe fibrosis (27%; five with cirrhosis and one with stage 3 on gross architectural
score) had a heterogeneous liver aspect of the parenchyma, compared to none with mild fibrosis
(p=.030). Median CPA was also significantly higher in patients who had a heterogeneous aspect of
the liver on ultrasound (35% (27-37) vs. 22% (17-24), p=.026).

Portal vein flow was similar between patients with mild and severe fibrosis, see figure 2C. Portal vein
flow and spleen size showed a moderate correlation with CPA (Rs=-.442, p=.005 resp. Rs=.452,
p=.004). Ultrasound and Doppler flow parameters are shown in Table 3.

Fibroscan was successful in 36/38 patients. Median liver stiffness was 22.5 (8.8- 45.7) kPa. Liver
stiffness was similar in mild (median 21.3 (14.3-29.1) kPa) and severe fibrotic patients (26.0 (15.1-
28.9) kPa, p=.511, see figure 2B), and did not correlate with CPA (Rs=-.015, p=.931). Liver stiffness

did not correlate to histological grade of sinusoidal dilatation (Rs=.-079, p=.648).

4) Advanced Imaging

Fibrosis

In 30/38 patients we performed an MRI, and eight patients were subjected to a CT-scan. Nodularity
was a frequently observed feature, absent only in five patients, and was evenly distributed between
patients with mild and severe fibrosis. Other semi-quantitative fibrosis features were also equally
present in patients with mild and severe fibrosis (see Table 4). The combination of specific hallmarks
of cirrhosis; an enlarged caudate lobe, atrophied segment 4 and surface nodularity were present in
five patients: two patients with severe fibrosis (stage 3) and three patients with mild (stage 2)
fibrosis. ADC and RER were similar between groups, and did not correlate with CPA (Rs=-.092, p=.627
and Rs=-.006, p=.972, respectively). None of the other histological component scores correlated with

any of the imaging parameters (data not shown).

Assessment of portal hypertension

Varices were present in 19 (50%) patients, ascites in 22 (58%) and splenomegaly in 7 (18%) of
patients. A combination of all three characteristics was found in five patients (see Table 5). 8/11
patients with cirrhosis (73%) had varices compared to 11/27 (41%) patients with a lower stage of
fibrosis (p=.074). CPA was significantly higher in patients with varices than in patients without
varices: median 24.2% (21.5-35.7) vs. 18.5% (14.2-24.6), p=0.015.

Liver stiffness was similar between patients with and without varices (mean 21.4 + 11.3 kPa and 24.1

+ 9.1 kPa, respectively; p=.391). Platelet count and platelet/spleen ratio were significantly lower in



the group with varices (median 153 (125-175) 1079/L and 1177 (892-1446), respectively) than in
patients without varices (median 174 (147-222) 1079/L, p=.020; and 1740 (1185-2009), p=.001,

respectively). Of note, none of the patients reported clinical events such as variceal bleeding.

Hepatic nodules

Thirteen patients had several nodules smaller than 10 mm, while 13 had no nodules at all.

Nine patients had in total 25 focal hyper-enhancing hepatic lesions larger than 10 mm (median 1
nodule per patient, ranging from 1-7) (Table 6). The number of patients with nodules was
comparable between patients with mild and severe fibrosis (n=3, 19% and n=6, 27% respectively,
p=.706) and patients with or without varices (4 vs. 5 patients, p=1.000). Patients with severe fibrosis
did have more nodules (median 4 nodules; range 1-7) than patients with mild fibrosis (all three
patients had 1 nodule, p=.047). Delayed-phase washout was present in 9 nodules (36%) in 5 patients;
one patient with cirrhosis (stage 4) had 4 nodules with wash-out. These lesions remained stable up to
12 months on follow-up. Two patients with stage 3 fibrosis had 1 and 2 nodules, respectively, and 2
patients with stage 1 and stage 2 fibrosis had one nodule.

None of these nodules had additional ancillary features such as hyperintensity on T2 and DWI images

or fat content. The mean AFP was low in all patients (mean AFP 3.39 + 1.29 ug/L).

Discussion

Key findings

The present study demonstrates (1) the presence of severe liver fibrosis, signs of portal hypertension
and hyperenhancing nodules in a majority of asymptomatic patients with a Fontan physiology, and
(2) the lack of correlation between several non-invasive diagnostic tools and histological confirmed
liver fibrosis severity. These findings indicate that non-invasive diagnosis of/screening for severe

FALD in patients with a Fontan physiology is ineffective to accurately assess liver fibrosis.

Screening of FALD

There is an unmet need to diagnose and assess liver fibrosis severity with non-invasive alternatives,
as liver biopsy carries potential complications. Our data suggests that there is no role in clinical
practice for ELF®, routine transient elastography or conventional MRI/CT to diagnose liver fibrosis in
Fontan physiology, since it fails to correlate with histological fibrosis severity. Ultrasound
abnormalities, such as heterogeneous aspect of parenchyma could be indicative for severe fibrosis,
but absence of abnormalities does not rule out severe FALD. 31 This highlights that experiences from

patients with other forms of liver disease (e.g. liver cirrhosis as a result of alcohol abuse, hepatitis B



and C) cannot be applied to the Fontan population, as interference of congestion remains an issue of
concern in this unique physiology.3%-#!

Although we encountered no complications from the biopsy itself or from interruption of
anticoagulant therapy, we acknowledge that liver biopsy is not an attractive tool to use for follow-up.
Thus there remains an unmet need for alternatives to ease screening and follow-up in this
population. MRl is subject to fast and major developments, and techniques such as T1-rho mapping,
extracellular volume calculation,*? susceptibility imaging,** and magnetic resonance elastography * %
are promising. We do stress that new techniques should be validated against histology before they

are adopted in daily practice.

Pathophysiology

Although not fully elucidated, chronic passive hepatic congestion is thought to be the underlying
mechanism that puts patients with a Fontan physiology at risk for complications of advanced liver
disease.® In congestive hepatopathy, venous congestion elicits a sustained wound-healing response.
Upon histological examination, this is characteristically depicted by sinusoidal dilatation, presumably
resulting from venous pressure elevation. Consequently fibrosis arises, with also mainly a sinusoidal
pattern.*® Over time, injury precipitates formation of broad scars, bridging fibrosis and cirrhosis.
Fibrosis is also generated by microthrombotic events in sinusoids and veins.*’ The ubiquitous
presence of fibrosis in all biopsies examined in this study, underlines the profound impact of the
Fontan physiology on the liver architecture, and contrasts with that in other aetiologies such as viral
hepatitis, where only a minority of patients will ultimately develop liver fibrosis.*® The specific
histological pattern of sinusoidal fibrosis in combination with sinusoidal dilatation can help to
distinguish FALD from other liver diseases, however correlation with clinical information should
always be made to identify the definite cause of liver injury, as no pattern is unique in liver

pathology.®

The spectrum of FALD

The findings from our study are consistent with the spectrum of FALD ranging from mild congestive
hepatopathy to established cirrhosis. At 21 years after surgery, the majority of patients have
developed advanced liver disease. Some 29% had histological evidence of liver cirrhosis and 50% had
varices. These findings are in line with those from other Fontan cohorts, reinforcing the concept that
liver fibrosis and portal hypertension are major extra-cardiac manifestations of Fontan physiology.*
21,37,38

This reflects the ongoing continuum that starts postoperatively with hepatic vein congestion, which
causes liver injury resulting in ongoing fibrogenesis.’

To address the true risk of advanced liver disease and its complications in patients with a Fontan

10



physiology we need longitudinal data that associate presence and severity of FALD to morbidity and
mortality. 1850 |n other chronic liver diseases, such as viral hepatitis and NAFLD, fibrosis stage
determines portal hypertensive complications HCC development and ultimately prognosis.® If this is
also the case in patients with a Fontan physiology needs to be further elucidated by prospective

studies.

Portal hypertension

In our cohort, signs of portal hypertension were more frequently seen in patients with cirrhosis.
Splenomegaly and portosystemic varices are uncommon in congestive hepatopathy, and are
generally related to central venous pressure being transmitted through dilated hepatic sinusoids to
the portal venous system. We did not perform measurements of the transhepatic pressure gradient,
but in congestive hepatopathy and FALD values are usually normal.**® The presence of varices may
be an indication of the transformation from congestion to fibrosis.>! To what degree failure of Fontan

physiology contributes to the onset of portal hypertension remains unknown.

Fontan nodules

Congestive hepatopathy is also associated with the onset of focal liver lesions. Arterialized large
regenerative nodules or focal nodular hyperplasia (FNH) are often found in congestive
hepatopathy.>> >3 These lesions comprise of regions of parenchyma with compromised hepatic
venous outflow and subsequently impaired portal inflow. Parenchymal perfusion thus becomes
reliant on arterial flow, resulting in nodular regeneration of hepatocytes. It is generally assumed that
FNH have no malignant potential.>* On the other hand, cirrhosis is associated with an increased risk
of hepatocellular carcinoma (HCC), and HCC has been described in young cirrhotic patients with a
Fontan physiology.>> >® Hyperenhancing nodules were present in ~25% of patients from our cohort,
independent of fibrosis stage, corroborating previous findings.>*>” Wash-out, in the setting of
cirrhosis, is usually a specific feature of HCC, but in FALD may also be present in benign lesions.>
Specific guidelines for screening of patients with a Fontan physiology for HCC are lacking,*® but the
value of AFP, liver-specific contrast agents, and additional ancillary features for discrimination

between benign and potentially malignant Fontan nodules should be further explored.

Liver function & transplantation

Finally, liver function is an issue of concern. Liver function is defined as the ability to maintain
bilirubin metabolism and intact coagulation, and not as the increase of transaminotransferases.>
Liver fibrosis is an important prognostic determinant in patients with other chronic liver diseases as it
may result in impaired liver function and increased mortality.® It is suggested that 5-year survival in

cirrhotic patients with Fontan physiology was dismal which in turn was due to both cardiac and liver

11



related complications.” Clinical follow-up of patients with established liver disease is facilitated by the
MELD (Model of End stage Liver Disease) score, prioritizing patients in need of liver transplantation.®
Transplantation data are very limited and come from several small case series that describe
combined heart and liver transplantation in patients with a failing Fontan physiology and liver
cirrhosis.®*®® These show good short term results, comparable to orthotopic heart transplant.
Nonetheless, long term results are lacking. In adjusted form, MELD-XI probably predicts cardiac
mortality or heart transplantation better than hepatological mortality, as similar outcomes are

observed regardless of the presence of severe fibrosis.®* In our cohort, MELD-XI scores were low.

Strengths & Limitations

The major strength of our study lies in the optimal identification of fibrosis in this population using a
gold standard: histological confirmation. This allows us to interpret the observations as a result of
either congestion, fibrosis or combined. The use of multiple invasive and non-invasive modalities for
the same patients allows a fine comparison of the diagnostic value to detect congestion or fibrosis in
relation to the gold standard. Previous studies investigating non-invasive alternatives to assess FALD
lacked reference to the gold standard, hampering interpretation of results. Selection bias was limited
since every consecutive patient was included and subjected to structural assessment. Liver fibrosis
severity in our cohort is probably representative for the general population with Fontan physiology.
Therefore we can answer to several important key knowledge gaps as identified by the stakeholders
meeting of the American College of Cardiology in 2017.%

Our study is limited by the relatively small number of patients, but on the other hand our cohort
underwent systematic and deep characterisation of the phenotype. The study design is cross-
sectional, and exposure and outcome were simultaneously assessed. Without the presence of
longitudinal data it is not possible to establish temporal relation between cause (Fontan physiology)
and effect (liver fibrosis and its complications) or to assess the value of non-invasive diagnostics in
monitoring of FALD. Longitudinal assessment of liver stiffness measurements has the potential to be
helpful in monitoring patients with a Fontan physiology %, but needs further confirmation. Future
research should focus on assessing modalities for surveillance of these patients and on

pathophysiology and risk factors for progression of FALD.%

Conclusion

In conclusion, we show that cirrhosis and signs of portal hypertension are present in substantial
proportion of patients with a Fontan physiology, and that MRI, CT, transient elastography, and serum
biomakers are unable to accurately assess severity of liver fibrosis in this cohort. This emphasizes the
need for prospective longitudinal follow-up studies to further assess morbidity and mortality risk and

to search for non-invasive alternatives to diagnose and monitor FALD.

12



Funding: No funding was received for this study.

Conflict of interest: None declared.

References (online only):

1. Wu FM, Ukomadu C, Odze RD, Valente AM, Mayer JE, Jr., Earing MG. Liver disease in the
patient with Fontan circulation. Congenit Heart Dis 2011;6(3):190-201.

2. Mgller S, Bernardi M. Interactions of the heart and the liver. Eur Heart J 2013;34(36):2804-
2811.

3. Fontan F, Baudet E. Surgical repair of tricuspid atresia. Thorax 1971;26(3):240-8.

4, Davies RR, Chen JM, Mosca RS. The Fontan Procedure: Evolution in Technique; Attendant

Imperfections and Transplantation for “Failure”. Seminars in Thoracic and Cardiovascular Surgery:
Pediatric Cardiac Surgery Annual 2011;14(1):55-66.

5. Asrani SK, Asrani NS, Freese DK, Phillips SD, Warnes CA, Heimbach J, Kamath PS. Congenital
heart disease and the liver. Hepatology 2012;56(3):1160-9.

6. Huo T-I, Lee S-D, Lin H-C. Selecting an optimal prognostic system for liver cirrhosis: the model
for end-stage liver disease and beyond. Liver Int 2008;28(5):606-613.

7. Pundi K, Pundi KN, Kamath PS, Cetta F, Li Z, Poterucha JT, Driscoll DJ, Johnson JN. Liver
Disease in Patients After the Fontan Operation. Am J Cardiol 2016;117(3):456-60.

8. Rychik J, Veldtman G, Rand E, Russo P, Rome JJ, Krok K, Goldberg DJ, Cahill AM, Wells RG. The

precarious state of the liver after a Fontan operation: summary of a multidisciplinary symposium.
Pediatr cardiol 2012;33(7):1001-12.

9. Evans WN, Winn BJ, Yumiaco NS, Galindo A, Rothman A, Acherman RJ, Restrepo H.
Transvenous hepatic biopsy in stable Fontan patients undergoing cardiac catheterization. Pediatr
Cardiol 2014;35(7):1273-8.

10. Evans WN, Acherman RJ, Winn BJ, Yumiaco NS, Galindo A, Rothman A, Restrepo H. Fontan
hepatic fibrosis and pulmonary vascular development. Pediatr Cardiol 2015;36(3):657-61.

11. Goldberg DJ, Surrey LF, Glatz AC, Dodds K, O'Byrne ML, Lin HC, Fogel M, Rome JJ, Rand EB,
Russo P, Rychik J. 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 2017;6(5).

12. Wu FM, Earing MG, Aboulhosn JA, Johncilla ME, Singh MN, Odze RD, Ukomadu C, Gauvreau
K, Landzberg MJ, Valente AM. Predictive value of biomarkers of hepatic fibrosis in adult Fontan
patients. J Heart Lung Transplant 2017;36(2):211-219.

13. Wu FM, Opotowsky AR, Raza R, Harney S, Ukomadu C, Landzberg MJ, Valente AM, Breitbart
RE, Singh MN, Gauvreau K, Jonas MM. Transient elastography may identify Fontan patients with
unfavorable hemodynamics and advanced hepatic fibrosis. Congenit Heart Dis 2014;9(5):438-47.
14. Poterucha JT, Johnson JN, Qureshi MY, O'Leary PW, Kamath PS, Lennon RJ, Bonnichsen CR,
Young PM, Venkatesh SK, Ehman RL, Gupta S, Smyrk TC, Dearani JA, Warnes CA, Cetta F. Magnetic
Resonance Elastography: A Novel Technique for the Detection of Hepatic Fibrosis and Hepatocellular
Carcinoma After the Fontan Operation. Mayo Clin Proc 2015;90(7):882-94.

15. Deorsola L, Aidala E, Cascarano MT, Valori A, Agnoletti G, Napoleone CP. Liver stiffness
modifications shortly after total cavopulmonary connection. Interact Cardiovasc Thorac Surg
2016;23(4):513-518.

16. Patel K, Bedossa P, Castera L. Diagnosis of liver fibrosis: present and future. Semin Liver Dis
2015;35(2):166-83.

17. Ohuchi H, Yasuda K, Miyazaki A, Ono S, Hayama Y, Negishi J, Noritake K, Mizuno M, Yamada
O. Prevalence and predictors of haemostatic complications in 412 Fontan patients: their relation to
anticoagulation and haemodynamics. Eur J Cardiothorac Surg 2015;47(3):511-519.

13



18. Wu FM, Jonas MM, Opotowsky AR, Harmon A, Raza R, Ukomadu C, Landzberg MJ, Singh MN,
Valente AM, Egidy Assenza G, Perez-Atayde AR. Portal and centrilobular hepatic fibrosis in Fontan
circulation and clinical outcomes. J Heart Lung Transplant 2015;34(7):883-91.

19. Kendall TJ, Stedman B, Hacking N, Haw M, Vettukattill JJ, Salmon AP, Cope R, Sheron N,
Millward-Sadler H, Veldtman GR, Iredale JP. Hepatic fibrosis and cirrhosis in the Fontan circulation: a
detailed morphological study. J Clin Pathol 2008;61(4):504-8.

20. Schwartz MC, Sullivan LM, Glatz AC, Rand E, Russo P, Goldberg DJ, Rome JJ, Cohen MS. Portal
and sinusoidal fibrosis are common on liver biopsy after Fontan surgery. Pediatr Cardiol
2013;34(1):135-42.

21. Elder RW, McCabe NM, Hebson C, Veledar E, Romero R, Ford RM, Mahle WT, Kogon BE, Sahu
A, Jokhadar M, McConnell ME, Book WM. Features of portal hypertension are associated with major
adverse events in Fontan patients: the VAST study. Int J Cardiol 2013;168(4):3764-9.

22. Baek JS, Bae EJ, Ko JS, Kim GB, Kwon BS, Lee SY, Noh Cl, Park EA, Lee W. Late hepatic
complications after Fontan operation; non-invasive markers of hepatic fibrosis and risk factors. Heart
2010;96(21):1750-5.

23. Wolff D, van Melle JP, Dijkstra H, Bartelds B, Willems TP, Hillege H, van den Berg AP, Ebels T,
Sijens PE, Berger RM. The Fontan circulation and the liver: A magnetic resonance diffusion-weighted
imaging study. Int J Cardiol 2016;202:595-600.

24, Lindsay |, Johnson J, Everitt MD, Hoffman J, Yetman AT. Impact of liver disease after the
fontan operation. Am J Cardiol 2015;115(2):249-52.

25. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flachskampf FA, Foster E,
Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, Rudski L, Spencer KT,
Tsang W, Voigt JU. Recommendations for cardiac chamber quantification by echocardiography in
adults: an update from the American Society of Echocardiography and the European Association of
Cardiovascular Imaging. J Am Soc Echocardiogr 2015;28(1):1-39 e14.

26. Ohuchi H, Negishi J, Noritake K, Hayama Y, Sakaguchi H, Miyazaki A, Kagisaki K, Yamada O.
Prognostic value of exercise variables in 335 patients after the Fontan operation: a 23-year single-
center experience of cardiopulmonary exercise testing. Congenit Heart Dis 2015;10(2):105-16.

27. Dai DF, Swanson PE, Krieger EV, Liou IW, Carithers RL, Yeh MM. Congestive hepatic fibrosis
score: a novel histologic assessment of clinical severity. Mod Pathol 2014;27(12):1552-8.

28. Calvaruso V, Burroughs AK, Standish R, Manousou P, Grillo F, Leandro G, Maimone S,
Pleguezuelo M, Xirouchakis I, Guerrini GP, Patch D, Yu D, O'Beirne J, Dhillon AP. Computer-assisted
image analysis of liver collagen: relationship to Ishak scoring and hepatic venous pressure gradient.
Hepatology 2009;49(4):1236-44.

29. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, Ferrell LD, Liu YC,
Torbenson MS, Unalp-Arida A, Yeh M, McCullough AJ, Sanyal AJ. Design and validation of a
histological scoring system for nonalcoholic fatty liver disease. Hepatology 2005;41(6):1313-21.

30. Rosenberg WM, Voelker M, Thiel R, Becka M, Burt A, Schuppan D, Hubscher S, Roskams T,
Pinzani M, Arthur MJ. Serum markers detect the presence of liver fibrosis: a cohort study.
Gastroenterology 2004;127(6):1704-13.

31. Castéra L, Vergniol J, Foucher J, Le Bail B, Chanteloup E, Haaser M, Darriet M, Couzigou P, De
Lédinghen V. Prospective comparison of transient elastography, Fibrotest, APRI, and liver biopsy for
the assessment of fibrosis in chronic hepatitis C. Gastroenterology 2005;128.

32. Ferlitsch M, Reiberger T, Hoke M, Salzl P, Schwengerer B, Ulbrich G, Payer BA, Trauner M,
Peck-Radosavljevic M, Ferlitsch A. Von Willebrand factor as new noninvasive predictor of portal
hypertension, decompensation and mortality in patients with liver cirrhosis. Hepatology
2012;56(4):1439-1447.

33. Hametner S, Ferlitsch A, Ferlitsch M, Etschmaier A, Schofl R, Ziachehabi A, Maieron A. The
VITRO Score (Von Willebrand Factor Antigen/Thrombocyte Ratio) as a New Marker for Clinically
Significant Portal Hypertension in Comparison to Other Non-Invasive Parameters of Fibrosis Including
ELF Test. PLoS One 2016;11(2):e0149230.

14



34, Heuman DM, Mihas AA, Habib A, Gilles HS, Stravitz RT, Sanyal AJ, Fisher RA. MELD-XI: a
rational approach to "sickest first" liver transplantation in cirrhotic patients requiring anticoagulant
therapy. Liver Transpl 2007;13(1):30-7.

35. Colli A, Gana JC, Yap J, Adams-Webber T, Rashkovan N, Ling SC, Casazza G. Platelet count,
spleen length, and platelet count-to-spleen length ratio for the diagnosis of oesophageal varices in
people with chronic liver disease or portal vein thrombosis. Cochrane Database of Systematic
Reviews 2017(4).

36. Feier D, Balassy C, Bastati N, Fragner R, Wrba F, Ba-Ssalamah A. The diagnostic efficacy of
quantitative liver MR imaging with diffusion-weighted, SWI, and hepato-specific contrast-enhanced
sequences in staging liver fibrosis--a multiparametric approach. Eur Radiol 2016;26(2):539-46.

37. Surrey LF, Russo P, Rychik J, Goldberg DJ, Dodds K, O'Byrne ML, Glatz AC, Rand EB, Lin HC.
Prevalence and characterization of fibrosis in surveillance liver biopsies of patients with Fontan
circulation. Hum Pathol 2016;57:106-115.

38. Wu FM, Kogon B, Earing MG, Aboulhosn JA, Broberg CS, John AS, Harmon A, Sainani NI, Hill
AJ, Odze RD, Johncilla ME, Ukomadu C, Gauvreau K, Valente AM, Landzberg MJ. Liver health in adults
with Fontan circulation: A multicenter cross-sectional study. J Thorac Cardiovasc Surg
2017;153(3):656-664.

39. DiPaola FW, Schumacher KR, Goldberg CS, Friedland-Little J, Parameswaran A, Dillman JR.
Effect of Fontan operation on liver stiffness in children with single ventricle physiology. Eur Radiol
2017;27(6):2434-2442.

40. Kutty SS, Peng Q, Danford DA, Fletcher SE, Perry D, Talmon GA, Scott C, Kugler JD, Duncan KF,
Quiros-Tejeira RE, Kutty S. Increased hepatic stiffness as consequence of high hepatic afterload in the
Fontan circulation: a vascular Doppler and elastography study. Hepatology 2014;59(1):251-60.

41. Wells ML, Venkatesh SK. Congestive hepatopathy. Abdom Radiol 2017.

42, Kazour I, Serai SD, Xanthakos SA, Fleck RJ. Using T1 mapping in cardiovascular magnetic
resonance to assess congestive hepatopathy. Abdom Radiol 2018.

43, Balassy C, Feier D, Peck-Radosavljevic M, Wrba F, Witoszynsky;j S, Kiefer B, Reiter G, Dai Y, Ba-
Ssalamah A. Susceptibility-weighted MR Imaging in the Grading of Liver Fibrosis: A Feasibility Study.
Radiology 2014;270(1):149-158.

44, Egbe A, Miranda WR, Connolly HM, Khan AR, Al-Otaibi M, Venkatesh SK, Simonetto D,
Kamath P, Warnes C. Temporal changes in liver stiffness after Fontan operation: Results of serial
magnetic resonance elastography. Int J Cardiol 2018;258:299-304.

45. Shah H, Kuehl K, Sherker AH. Liver disease after the Fontan procedure: what the hepatologist
needs to know. J Clin Gastroenterol 2010;44(6):428-31.

46. Myers RP, Cerini R, Sayegh R, Moreau R, Degott C, Lebrec D, Lee SS. Cardiac hepatopathy:
clinical, hemodynamic, and histologic characteristics and correlations. Hepatology 2003;37(2):393-
400.

47. Wanless IR, Liu JJ, Butany J. Role of thrombosis in the pathogenesis of congestive hepatic
fibrosis (cardiac cirrhosis). Hepatology 1995;21(5):1232-7.

48. Hoefs JC, Shiffman ML, Goodman ZD, Kleiner DE, Dienstag JL, Stoddard AM, the H-CTG. Rate
of Progression of Hepatic Fibrosis in Patients with Chronic Hepatitis C: Results from the HALT-C Trial.
Gastroenterology 2011;141(3):900-908.e1-2.

49, Gonzalez RS, Gilger MA, Huh WJ, Washington MK. The Spectrum of Histologic Findings in
Hepatic Outflow Obstruction. Arch Pathol Lab Med 2017;141(1):98-103.

50. Diller GP, Giardini A, Dimopoulos K, Gargiulo G, Muller J, Derrick G, Giannakoulas G,
Khambadkone S, Lammers AE, Picchio FM, Gatzoulis MA, Hager A. Predictors of morbidity and
mortality in contemporary Fontan patients: results from a multicenter study including
cardiopulmonary exercise testing in 321 patients. Eur Heart J 2010;31(24):3073-83.

51. Kiesewetter CH, Sheron N, Vettukattill JJ, Hacking N, Stedman B, Millward-Sadler H, Haw M,
Cope R, Salmon AP, Sivaprakasam MC, Kendall T, Keeton BR, Iredale JP, Veldtman GR. Hepatic
changes in the failing Fontan circulation. Heart 2007;93(5):579-84.

15



52. Tanaka M, Wanless IR. Pathology of the liver in Budd-Chiari syndrome: portal vein
thrombosis and the histogenesis of veno-centric cirrhosis, veno-portal cirrhosis, and large
regenerative nodules. Hepatology 1998;27(2):488-96.

53. Wells ML, Hough DM, Fidler JL, Kamath PS, Poterucha JT, Venkatesh SK. Benign nodules in
post-Fontan livers can show imaging features considered diagnostic for hepatocellular carcinoma.
Abdom Radiol 2017;42(11):2623-2631.

54, Perrakis A, Vassos N, Grutzmann R, Croner RS. What is Changing in Indications and Treatment
of Focal Nodular Hyperplasia of the Liver. Is There Any Place for Surgery? Ann Hepatol
2017;16(3):333-341.

55. Asrani SK, Warnes CA, Kamath PS. Hepatocellular carcinoma after the Fontan procedure. N
Engl J Med 2013;368(18):1756-7.

56. Josephus Jitta D, Wagenaar LJ, Mulder BJ, Guichelaar M, Bouman D, van Melle JP. Three
cases of hepatocellular carcinoma in Fontan patients: Review of the literature and suggestions for
hepatic screening. Int J Cardiol 2016;206:21-6.

57. Bryant T, Ahmad Z, Millward-Sadler H, Burney K, Stedman B, Kendall T, Vettukattil J, Haw M,
Salmon AP, Cope R, Hacking N, Breen D, Sheron N, Veldtman GR. Arterialised hepatic nodules in the
Fontan circulation: hepatico-cardiac interactions. Int J Cardiol 2011;151(3):268-72.

58. Baumgartner H, Bonhoeffer P, De Groot NMS, de Haan F, Deanfield JE, Galie N, Gatzoulis MA,
Gohlke-Baerwolf C, Kaemmerer H, Kilner P, Meijboom F, Mulder BJM, Oechslin E, Oliver JM, Serraf A,
Szatmari A, Thaulow E, Vouhe PR, Walma E, Vahanian A, Auricchio A, Bax J, Ceconi C, Dean V,
Filippatos G, Funck-Brentano C, Hobbs R, Kearney P, McDonagh T, Popescu BA, Reiner Z, Sechtem U,
Sirnes PA, Tendera M, Vardas P, Widimsky P, McDonagh T, Swan L, Andreotti F, Beghetti M,
Borggrefe M, Bozio A, Brecker S, Budts W, Hess J, Hirsch R, Jondeau G, Kokkonen J, Kozelj M,
Kucukoglu S, Laan M, Lionis C, Metreveli |, Moons P, Pieper PG, Pilossoff V, Popelova J, Price S, Roos-
Hesselink J, Uva MS, Tornos P, Trindade PT, Ukkonen H, Walker H, Webb GD, Westby J. ESC
Guidelines for the management of grown-up congenital heart disease (new version 2010)The Task
Force on the Management of Grown-up Congenital Heart Disease of the European Society of
Cardiology (ESC). Eur Heart J 2010;31(23):2915-2957.

59. Cuperus F, Drenth J, Tjwa E. Mistakes in liver function test abnormalities and how to avoid
them. UEG Education 2017(17):1-5.
60. Machicao VI. Model for End-Stage Liver Disease—Sodium Score: The Evolution in the

Prioritization of Liver Transplantation. Clin Liver Dis 2017;21(2):275-287.

61. Simpson KE, Esmaeeli A, Khanna G, White F, Turnmelle Y, Eghtesady P, Boston U, Canter CE.
Liver cirrhosis in Fontan patients does not affect 1-year post-heart transplant mortality or markers of
liver function. J Heart Lung Transplant 2014;33(2):170-7.

62. Hollander SA, Reinhartz O, Maeda K, Hurwitz M, D NR, Bernstein D. Intermediate-term
outcomes after combined heart-liver transplantation in children with a univentricular heart. J Heart
Lung Transplant 2013;32(3):368-70.

63. Bradley E, Hendrickson B, Daniels C. Fontan Liver Disease: Review of an Emerging Epidemic
and Management Options. Curr Treat Options Cardiovasc Med 2015;17(11):1-15.

64. Assenza GE, Graham DA, Landzberg MJ, Valente AM, Singh MN, Bashir A, Fernandes S,
Mortele KJ, Ukomadu C, Volpe M, Wu F. MELD-XI score and cardiac mortality or transplantation in
patients after Fontan surgery. Heart 2013;99(7):491-6.

65. Daniels CJ, Bradley EA, Landzberg MJ, Aboulhosn J, Beekman RH 3rd, Book W, Gurvitz

M, John A, John B, Marelli A, Marino BS, Minich LL, Poterucha JJ, Rand EB, Veldtman GR. Fontan-
Associated Liver Disease: Proceedings from the American College of Cardiology Stakeholders
Meeting, October 1 to 2, 2015, Washington DC. JACC 2017;70(25):3173-3194.

66. Budts W, Roos-Hesselink J, Radle-Hurst T, Eicken A, McDonagh TA, Lambrinou E, Crespo-Leiro
MG, Walker F, Frogoudaki AA. Treatment of heart failure in adult congenital heart disease: a position
paper of the Working Group of Grown-Up Congenital Heart Disease and the Heart Failure Association
of the European Society of Cardiology. Eur Heart J 2016;37(18):1419-27.

16



Figure Legends

Study flowchart: Legend: Flowchart of number of patients referred for hepatologic screening and

actually screened by the several modalities incorporated in screening.

Figure 1A: Legend: Distribution of the assessed histological scores is displayed on the X-axis, with

percentages of the scoring stages depicted on the Y-axis.

Figure 1B: Legend: Legend: Exemplary photographs of histological slides from patients with FALD,
were taken with a camera attached to a microscope and processed in a digital image analysis
programme. Panel 1: mild sinusoidal dilatatation (stage 1). Hematoxylin-Eosin stain, objective lens
10x. Panel 2: severe sinudoidal dilatation (stage 3). Hematoxylin-Eosin stain, objective lens 10x. Panel
3: mild sinusoidal fibrosis, with characteristic chicken-wire pattern of staining along the dilated
sinudoids. Sirius Red stain, objective lens 20x. Panel 4: close-up of cirrhotic liver biopsy of patient
with FALD, showing severe sinusoidal fibrosis and dilatation (stage 3) and gross architectural
distortion (stage 4), with broad scarring and nodular regeneration. Sirius Red stain, objective lens

10x.

Figure 2: Legend: Data points in the graphs represent individual patient data, with the line
representing the median value in patients with mild (n=16), compared to patients with severe
fibrosis (n=22). Panel A represents ELF scores as measured in serum, Panel B liver stiffness (in kPa) as
measured by Fibroscan®, and Panel C portal vein flow (in cm/s) as measured with Doppler flow on

liver ultrasonography. Missing data: ELF score is missing in 3 patients with severe fibrosis.
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Tables

Table 1. Patient characteristics

Demographics

Female gender

Age (years)

Body mass index (kg/m?)
Congenital main diagnosis
Atresia (pulmonary/tricuspidal)
Double-inlet Left Ventricle
Other*

Type of Fontan procedure
Atriopulmonary connection
Lateral tunnel

Extracardiac conduit

Kawashima, secondary connection

liver veins to pulmonary system
Age at Fontan procedure (years)

Fontan duration (years)
Medication
Oral anticoagulants t

Hepatotoxic medication

10/38 (26%)
27+6.6

22.2(20.3-24.6)

18/38 (47%)
11/38 (29%)

9/38 (24%)

14/38 (37%)
7/38 (18%)
15/38 (40%)
2/38 (5%)
5.0 (3.0-6.3)

21.4+55

26/38 (68%)

1/38 (3%)

Legend: Data are presented as mean (SD) or median (IQR) for continuous variables and
as n, % for categorical variables. * Other cardiac main diagnosis include: hypoplastic left
heart syndrome (n=4), double-inlet right ventricle (n=2), double-outlet right

ventricle (n=2), left isomerism with univentricular heart (n=1). t used anticoagulants

are acenocoumarol (n=17), fenprocoumon (n=6), Direct Oral Anti-Coagulant (n=3)

t one patient used amiodaron and quinapril.



Table 2. Laboratory results of patients with mild vs severe fibrosis

Mild fibrosis (n=16)* Severe fibrosis (n=22)% p-value

Median (IQR) n, % abnormal Median (IQR) n, % abnormal
ALT (1U/L) 28 (24-33) 1/15 (7%) 28 (23-37) 3/22 (14%) 915
AST (1U/L) 28 (23-33) 1/15 (7%) 28 (25-35) 5/22 (23%) 551
ALP (1U/L) 70 (54-97) 2/15 (13%) 81 (70-96) 2/22 (9%) .105
GGT (IU/L) 58 (46-104) 12/15 (80%) 62 (49-121) 19/22 (86%) .636
Bilirubin (mmol/L) 13 (11-19) 3/15 (20%) 16 (11-22) 9/22 (41%) .761
Albumin (g/L) 41 (40-43) 0/13 42 (40-44) 0/21 .529
MELD-XI score 9.44 (9.44-10.98) 1/12 (8%) 9.44 (9.44-11.08) 3/22 (14%) .873

Legend: Data are presented as median with (IQR) and n,% of patients with an abnormal result (elevated or diminished, in

comparison to the upper or lower limit of normal) on the corresponding test. * For APRI there is not a uniform cut-off

available. P-values are shown for non-parametric analyses between median values of laboratory results in patients with
mild and severe fibrosis. tMissing data: In one patient with mild fibrosis no blood results were present except for ELF.

MELD-XI score could not be calculated, because of missing creatinin values in 4 patients with mild fibrosis. In 2 patients with

mild fibrosis missed bilirubin and albumin. Albumin was missing in 1 and ELF in 3 patients with severe fibrosis. Total number

of patients with available blood results are stated as denominator in the row showing n,% of abnormal test results.
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Table 3. Parameters ultrasound and Doppler flow measurements

Mild fibrosis (n=16)  Severe fibrosis (n=22) p-value
Ultrasound parameters
Enhanced pattern liver 3/16 (19%) 2/22 (9%) .632
Heterogeneous aspect parenchyma 0/16 6/22 (27%) .03
Irregular liver surface 5/16 (31%) 1/22 (5%) .065
VCI compliance (<50%) 15/16 (94%) 18/20 (90%) 1.000
Spleen size (cm) 11.6 (10.3-13.0) 11.8(10.5-13.0) .895
Doppler Flow parameters
Monophasic flow hepatic veins 2/16 (13) 3/22 (14%) n.a.
Portal vein flow (cm/s) 16.5 (14.0-24.8) 16.3 (13.1-20.0) .529
Hepatic artery flow max (cm/s) 69.4 (57.2-90.3) 65.8 (55.6-85.2) .617
End diastolic hep artery flow (cm/s) 20.7 (14.4-33.0) 19.7 (16.8-23.8) .660
Resistance Index 0.66 (0.58-0.84) 0.70 (0.64-0.79) .800

Legend: Data are presented as median (IQR) for continuous variables and as n, % for categorical variables. Missing data: VCI

compliance and resistance index could not be measured in 2 patients and end diastolic hepatic artery flow was missing in

one patient.
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Table 4. Radiological evaluation of fibrosis characteristics compared to histology

Mild fibrosis (n=16) Severe fibrosis (n=22)  p-value
Periphery*
None 0/11 1/19 (5%) 0.740
Mild 6/11 (55%) 10/19 (53%) ;
Marked 5/11 (45%) 8/19 (42%)
Nodularity
None 3/16 (19%) 2/22 (9%) 0.684
Mild 6/16 (38%) 9/22 (41%) )
Marked 7/16 (44%) 11/22 (50%)
Reticulation*
None 0/11 4/19 (21%) 0.179
Mild 7/11 (64%) 7/19 (37%) ;
Marked 4/11 (36%) 8/19 (42%)
Dysmorphy 16/16 (100%) 22/22 (100%) -
Segment 1
Atrophy 0/16 0/22 0.374
Normal 1/16 (6%) 4/22 (18%) ’
Enlarged 15/16 (94%) 18/22 (82%)
Segment 4
Atrophy 4/16 (25%) 3/22 (14%) 0.534
Normal 9/16 (56%) 12/22 (55%) '
Enlarged 3/16 (19%) 7/22 (32%)
ADC* 1.03 (0.96-1.30) 1.0 (0.96-1.04) 0.250
RER 0.45 (0.38-0.65) 0.51 (0.41-0.61) .988

Legend: Data are presented as median (IQR) for continuous variables and as n, % for categorical variables.

*ADC, Periphery and reticulation characteristics can only be assessed on MRI, therefore not measured in 8
patients (5 mild, 3 severe fibrosis).
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Table 5. Signs of portal hypertension in patients with mild and severe fibrosis

Mild fibrosis (n=16) Severe fibrosis (n=22)  p-value
Varices 7/16 (44%) 12/22 (54%) 0.511
Ascites 9/16 (56%) 13/22 (59%) 0.861
Splenomegaly 3/16 (19%) 4/22 (18%) 1.000
Combination of all 3* 2/16 (13%) 3/22 (14%) n.a.
Platelets (10709/L) 164 (137-186) 155 (136-191) .963
Diminished platelet count (n,%) 4/15% (27%) 6/22 (27%) 1.000
Platelet/spleen ratio 1416 (1032-1763) 1297 (1123-1745) 1.000
VWE (%) 100 (100-100) 100 (100-105) 417
VITRO score 63.4 (44.6-72.7) 64.9 (46.8-84.0) 421

Legend: Data are presented as median (IQR) for continuous variables and as n, % for categorical variables. Missing data: In

one patient no blood results were present, so platelet/spleen ratio and VITRO score could not be calculated.
*combination of varices, ascites and splenomegaly on advanced imaging. tplatelet count was missing in one patient with

mild fibrosis.
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Table 6. Features of nodules > 10mm

25 Nodules in 9 patients

Size (mm)
10-20 mm
>20 mm

Location

Right hemi-liver
Left hemi-liver
Caudate lobe

Signal intensity (T1-weighted)
Hypo-intense

Iso-intense

Hyperintense

Signal intensity (T2-weighted)
Hypo-intense

Iso-intense

Hyperintense

Diffusion-weighted*
Hyperintense

Arterial phase
Hyper-intense

Portal phase
Hypo-intense
Iso-intense
Hyperintense

Delayed phase
Hypo-intense
Iso-intense
Hyperintense

Washout

Hypo-intense on portal phase

Hypo-intense on delayed phase
-Hyper>iso >hypo
-Hyper>hyper>hypo

No washout

Hyperintense all phases

Other

Fat content
Capsule
Central scar

18.0 £6.2
19/25 (76%)
6/25 (24%)

13/25 (52%)
11/25 (44%)
1/25 (4%)

0
20/25 (80%)
5/25 (20%)

4/25 (16%)
21/25 (84%)
0

25/25 (100%)

0
3/25 (12%)
22/25 (88%)

9/25 (36%)
11/25 (44%)
5/25 (20%)

0

9/25 (36%)
-3/25 (12%)
-6/25 (24%)

13/25 (52%)

3/25 (12%)

0
5/25 (20%)
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Legend: Data are presented as mean * SD for continuous variables and as n, % for

categorical variables. * Diffusion-weighted images only available on MRI, missing

data on 5 nodules.
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Figures:

Summarizing illustration:
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Study flowchart

Patients referred for hepatologic and cardiac
screening (n = 49)

A 4

Liver biopsy performed
(n=138)

Ultrasound (n=38)

Laboratory (n=37)

Fibroscan (n=36)
ELF (n=35)
MRI (n = 30)
CT (n=8)

\ 4

Patients unable to
undergo biopsy
(n=11)
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Figure 1. FALD histology
Panel A: Distribution of liver histology scores
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Figure 2. ELF, Liver stiffness and portal vein flow in mild vs severe fibrosis
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Supplementary methods

Histology

Description histological fibrosis scores : First, the gross architectural distortion score (modified from
METAVIR) was scored, ranging from 0 (no definite fibrosis); 1 (minimal fibrosis: no septa or rare thin
septum); 2 (mild fibrosis: occasional thin septa); 3 (moderate fibrosis: moderate thin septa; up to
incomplete cirrhosis) to 4(cirrhosis definite or probable).

Second, the Fontan Fibrosis score , a score consisting of 4 components (portal fibrosis, sinusoidal
fibrosis, sinusoidal dilatation, and portal inflammation), was scored . Portal fibrosis was scored: 0 (no
fibrosis); 1 (enlarged, fibrotic portal tracts); 2 (periportal, or portal-portal septa but intact
architecture); 3 (fibrosis with distorted architecture, but no obvious cirrhosis); 4 (cirrhosis, probable
or definite). Sinusoidal fibrosis was scored: 0 (no sinusoidal fibrosis); 1 (sinusoidal fibrosis in < 1/3
sinusoids); 2 (in 1/3-2/3 sinusoids); 3 (in > 2/3 sinusoids); 4 (cardiac cirrhosis: extensive central vein-
central vein bridging). This score also includes sinusoidal dilatation (0-3): 0 (no dilatation); 1
(dilatation in <1/3 sinusoids); 2 (in 1/3-2/3 sinusoids); 3 (in > 2/3 sinusoids) and portal inflammation
0-3 scale (no/mild/moderate/marked inflammation in some or all portal tracts).

Lastly, the congestive heart failure fibrosis score (CHFS), was scored: 0 (no fibrosis); 1 (central zone
fibrosis); 2A (central zone and mild portal fibrosis, with accentuation at central zone); 2B (at least
moderate portal fibrosis and central zone fibrosis, with accentuation at portal zone); 3 (bridging

fibrosis); 4 (cirrhosis).

Magnetic resonance imaging protocol

MR imaging was performed with a 3-T imager (Siemens Prisma/Skyra, the Netherlands) using a
phased-array surface coil after 3 hours of fasting. Buscopan (1ml iv) was administered for anti-
spasmolytic effect, previous to scanning.

The protocol included a T2-weighted single-shot sequence, a T2-weighted fast spin-echo sequence
with spectral fat saturation, and a transverse breath-hold 3D T1-weighted fat-suppressed spoiled
gradient-recalled echo sequence before and after dynamic injection of 0.1 mmol/kg of body weight
(max 7.5 ml) of gadolinium chelates (Dotarem®; gadoterate meglumine) followed by a 20-mL saline
solution flush at a rate of 2 mL/sec administered with a power injector. After the T2 haste (blanco)
phases, the scanning of the arterial phase was initiated after bolus tracking (sufficient contrast
uptake in a region of interest in the aorta). Arterial scanning phase lasts for 13 sec, followed after 30
seconds by the venous phase (also 13 sec). Delayed phase was fixed at 180 seconds after intravenous

contrast injection. A free-breathing fat-suppressed single-shot echoplanar DW MR sequence was
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performed before contrast injection with b values of 50, 500 and 800 sec/mm?. Cardiac gating was

not used. Sequence parameters are shown below.

Sequence parameters

Sequences N slices TR/TE (ms) Slice Flip N
thickness Angle  concatenations
(mm) (°)
T2-weighted haste 30 1400/87 5 160 3
T2-weighted haste with 35 1600/95 5 160 4
spectral fat saturation
T1-weighted vibe 72 3.97/ 9 1
1.29 (TE1)
2.52 (TE2)
Diffusion-weighted 35 5900/52 - 1

Computed tomography protocol

Contrast-enhanced four phase CT was performed on 320-slides multidetector CT scanners (Toshiba

Aquilion). As preparation patients fasted for 3 hours and drank 900 mL Telebrix Gastro 45 minutes

and 450 mL water 30 minutes pre-scanning.

Unenhanced multidetector CT abdominopelvic images were initially obtained. Contrast-enhanced

acquisitions were obtained following intravenous administration of lomeprol contrast medium at 300

mg iodine per milliliter, calculated on total body weight (ranging 120-150 ml), through an 20-gauge

catheter in a fixed time of 30 seconds (rate 4-5 mL/sec) by a power injector, followed by a 40-mL

saline solution flush. The late arterial phases were acquired at an empirical fixed delay of 24 seconds

after bolus tracking, and portal venous phases after another 20 seconds (around 60-70 sec). The late

phases were fixed at 180 seconds after contrast administration had begun. See below for the used

scanning and reconstruction parameters:

Scan parameters

Unenhanced Arterial Venous Late
Mode Helical Helical Helical Helical
Collimation 80x0.5 80 x0.5 80x0.5 80x0.5
kV Auto Auto Auto Auto
Sure Exposure (mAs) SD 17.5 SD 17.5 SD 17.5 SD 17.5
Rotation time 0.5 0.5 0.5 0.5
Pitch Standard Standard Standard Standard
Scan direction Cranio-Caudal Cranio-Caudal Cranio-Caudal Cranio-Caudal
API Inspiration Inspiration Inspiration Inspiration
Iterative AIDR3D AIDR3D AIDR3D AIDR3D
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Reconstruction parameters

Axial 1 Volume 1 Multiview 1

Unenhanced Body Axial 3/2.4 BodyVolume 1/0.8

Arterial Body Axial 3/2.4 BodyVolume 1/0.8

Venous Body Axial 3/2.4 BodyVolume 1/0.8 MPRCoronal 3/2
MPR Sagital 3/2

Late Body Axial 3/2.4 BodyVolume 1/0.8

Calculation Relative Enhancement ratio

The relative enhancement ratio (RER) of liver pattern between pre-contrast and delayed phase was
calculated, as a modification of the previously described method by Feier et al.3 This ratio is based
on signal intensity (SI) of the liver and the paraspinal muscles (to normalize the signal) on pre-

contrast and delayed (post) phase T1-weighted imaging. The following equation was used:
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