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Abstract

Objective—To evaluate the utility of magnetic resonance elastography (MRE) in screening 

patients for hepatic fibrosis, cirrhosis, and hepatocellular carcinoma after Fontan operation.

Patients and Methods—Hepatic MRE was performed in conjunction with cardiac magnetic 

resonance imaging in patients with prior Fontan operation between 2010-2014. Liver stiffness was 

calculated using previously reported techniques. Comparisons to available clinical, laboratory, 

imaging, and histopathologic data were made.
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Results—Overall, 50 Fontan patients aged 25 (21-33) years were evaluated. The median interval 

between Fontan creation and MRE was 22 (16-26) years. Mean liver stiffness values were 

increased; 5.5±1.4 kilopascals relative to normal subjects. Liver stiffness directly correlated with 

liver biopsy total fibrosis score, time since operation; mean Fontan pressure; γ-glutamyl 

transferase (GGT); MELD score; creatinine; and pulmonary vascular resistance index (PVR). 

Liver stiffness was inversely correlated with cardiac index (CI). All 3 subjects with hepatic 

nodules exhibiting decreased contrast uptake on delayed post-contrast imaging and elevated 

nodule stiffness had biopsy-proven hepatocellular carcinoma.

Conclusion—The association between hepatic stiffness and fibrosis scores, MELD scores, and 

GGT, suggests that MRE may be useful to detect (and possibly quantify) hepatic cirrhosis in 

Fontan patients. Correlation between stiffness and post-Fontan time interval, mean Fontan 

pressure, PVR and reduced CI suggests a role for long term hepatic congestion in creating these 

hepatic abnormalities. MRE was useful in detecting abnormal nodules ultimately diagnosed as 

hepatocellular carcinoma. The relationship between stiffness with advanced fibrosis and 

hepatocellular carcinoma provides a strong argument for additional study and broader application 

of MRE in these patients.
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Introduction

Functionally single ventricle anatomy represents roughly 8% of all patients with congenital 

heart disease with a birth incidence of 4-8 per 10,000.1 The Fontan operation was originally 

described in 1968 by the French cardiac surgeon Francis Fontan for repair of such patients 

afflicted with this lesion.1 Nearly all patients with functionally single ventricles are expected 

to undergo the Fontan operation.2 This operation represents 4.2% of all congenital heart 

surgeries performed in the United States.2 This palliative operation consists of various 

surgeries to entirely reroute systemic bi-caval venous return directly into the pulmonary 

arterial confluence -effectively bypassing the sub-pulmonary ventricle (Figure 1).3,4 The 

resultant non-pulsatile passive venous filling of the pulmonary arterial bed results in 

markedly elevated central venous pressure. This elevated central venous pressure can 

increase the afterload experienced by the liver and in combination with the inherent low 

cardiac output state of patients after Fontan operation, lead to congestive hepatopathy 

(Figure 2)3,4

Hepatic dysfunction after the Fontan operation frequently has an indolent subclinical course. 

Liver fibrosis often precedes laboratory or ultrasonographic imaging abnormalities and 

many patients may remain free of clinical signs of cirrhosis until late stages of hepatic 

dysfunction. Most concerning is the report that some patients have developed hepatocellular 

carcinoma.3,4 There is no gold standard assessment for cirrhosis after the Fontan. Liver 

biopsy is the gold standard for diagnosis of hepatic fibrosis and cirrhosis in routine adult 

hepatology practices.5,6 However, liver biopsy is limited by intra- and inter-observational 

variability in interpretation, sampling error due to the non-homogenous pattern of hepatic 

fibrosis, high cost and need for anesthesia or sedation.7-10 Consequently, clinicians have 
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sought other noninvasive ways of assessing degree of fibrosis after the Fontan operation, 

including techniques utilizing elastography.

Magnetic resonance elastography (MRE) has emerged as a cost-effective advanced 

screening tool for pre-clinical detection of hepatic fibrosis and cirrhosis in patients with non-

cardiac liver disease.10 It has also shown promise as a tool for screening suspicious liver 

nodules.9 However, data examining the role of MRE in patients with congestive hepatopathy 

are limited. The aim of this investigation was to determine the spectrum of MRE derived 

liver stiffness in patients after the Fontan operation and identify stiffness correlates with 

hemodynamic, pathologic, clinical and laboratory data.

Methods

Study Design and Patient Population

Patients after Fontan operation, who were referred for liver evaluation at Mayo Clinic 

between January 1, 2010 and January 31, 2014, were retrospectively evaluated. Patients 

were identified by searching the radiology and Fontan databases at our institution. The study 

protocol was approved by Mayo Clinic Institutional Review Board. Written research consent 

was obtained from patients and guardians of pediatric aged patients at the time of clinic 

evaluation. Assent was obtained from subjects under 18 years of age. Some patient data 

(n=10) was previously described.9 Clinical, imaging, hemodynamic, and liver biopsy data 

were collected at the time of hepatology evaluation. Heterotaxy was defined as bilateral 

right or left sidedness of the abdominal viscera (asplenia or polysplenia). Fontan fenestration 

was defined as a surgically created hole between the Fontan conduit and pulmonary venous 

atrium.

MRI Technique

Cardiac magnetic resonance imaging (MRI) was obtained using a 1.5 T MRI unit (HDx 

Twin Speed or 450w, General Electric Healthcare, Waukesha, WI, USA). Patients fasted for 

six hours before MRI. Cardiac MRI was performed with additional liver sequences for 

MRE, including an axial T2-weighted fast spin echo sequence, respiratory triggered multi-

shot multi-b-value diffusion-weighted sequence (b100 and b600), a dual echo in an opposed 

phase T1-weighted gradient recalled echo (GRE) sequence, and post-contrast dynamic T1-

weighted sequences. Liver sequences were assessed for features suggestive of nodular liver, 

caudate lobe hypertrophy, and volumetric changes consistent with fibrosis and cirrhosis.9-11

MRE

MRE of the liver was performed at the conclusion of the Cardiac MRI study as an additional 

sequence according to methods previously described.10 MRE was performed with the 

patient in the supine position, placing a 19 cm disc pneumatic passive driver on the right 

lower chest and anterior abdomen, and connecting it to an active driver with plastic tubing.10 

Acoustic vibrations were generated at a frequency of 60 Hz by the active driver using an 

audio subwoofer and transmitted to the pneumatic passive driver (Figure 3). The transmitted 

acoustic waves produce propagating shear waves in the upper abdomen and the liver. These 

propagating shear waves were imaged using two-dimensional GRE MRE sequence with the 
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following scan parameters TR/TE = 50/24 ms; flip angle 30°, matrix 256 × 128, and an 

asymme tric 75% field of view adjusted to fit each patient, variable field of view = 30 to 48 

cm. Stiffness maps were automatically generated on the scanner using the raw magnitude 

and phase images by an inversion algorithm. Four 10 mm thick slices in the axial plane were 

prescribed at the largest cross-sectional area of the liver and acquired with 12-16 second 

breath hold at end expiration in an effort to ensure reproducibility (Figure 4).10 Image 

quality was immediately verified by observing propagating shear waves in the phase images 

after acquisition on the MRI console.9-11 The MRE, including interpretation, added less than 

two minutes to the cardiac MRI (four 10-15 second breath holds).

MRE Image Analysis and Stiffness Measurement

Measurements were performed on standalone workstations by an independent reader 

unaware of the liver histology results and other clinical details. The liver stiffness was 

measured by placing automated regions of interest (ROI) of at least 100 mm² on the 

elastogram with care to avoid the liver edge, artifacts and large vessels greater than 3 mm in 

size. ROIs were performed on all four slices obtained and a mean stiffness value was 

obtained. Multiple regions of interest were performed to ensure large volume of liver being 

assessed. Mean liver stiffness was expressed in kilopascals (kPa).9-11

Hemodynamic Catheterization Evaluation

Thirty patients with severe systemic desaturation or suspected obstruction in the Fontan 

conduit or pulmonary arteries had cardiac catheterization. Hemodynamic measurements 

collected included hepatic vein pressure, hepatic venous wedge pressure, hepatic venous 

pressure gradient, Fontan pressure, pulmonary artery pressure, ventricular end diastolic 

pressure, pulmonary capillary wedge pressure, cardiac index, and pulmonary vascular 

resistance index. Portal venous pressure was estimated by calculating the hepatic venous 

pressure gradient using the following calculation: hepatic venous pressure gradient = hepatic 

venous wedge pressure – hepatic vein pressure. Conventional angiography was obtained to 

identify evidence of veno-venous collaterals, residual shunts, and Fontan pathway stenoses 

(defined as a gradient above 2 mmHg within the circuit).

Echocardiographic Data

Two-dimensional spectral and color Doppler techniques were used to identify evidence of 

obstruction or residual shunt in the Fontan conduit and assess ventricular function. Valvular 

regurgitation or stenosis was graded as mild, moderate, and severe based on qualitative 

assessment.

Laboratory studies and Cirrhosis Prognostic Indices

All patients had laboratory studies for hepatology evaluation. These tests included: aspartate 

aminotransferase (AST); alanine aminotransferase (ALT); alkaline phosphatase; total 

protein; albumin; total and direct bilirubin; γ-glutamyl transferase (GGT); alpha-fetoprotein; 

international normalized ratio (INR); platelet count; hemoglobin; creatinine; and hepatitis A, 

B, and C serologies. Blood samples were obtained after a 6 hour fasting period. AST to 

Platelet Ratio Index was calculated with the following formula: (AST/upper limit of normal 
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× 100)/platelet count, with AST level of 43 IU/L used as the upper limit of normal. The 

Model for End-Stage Liver Disease (MELD) score, MELD-XI (excluding INR), Child–

Turcotte–Pugh score, and Atlanta varices, ascites, splenomegaly, thrombocytopenia (VAST) 

score were calculated to assess chronic liver disease.

Liver Biopsy

Percutaneous or transcatheter (transjugular or transfemoral) liver biopsy was obtained in 

patients with nodules suspicious for malignancy or at the discretion of the hepatologist. Two 

pathologists specializing in hepatology (SG and TCS), who were blinded to patient data, 

independently reviewed liver biopsy specimens. Portal fibrosis was graded using the Ishtak 

(stages 0–6) and Scheuer staging (stages 0–4) systems; and sinusoidal fibrosis was 

determined using staging described by Schwartz et al.12,13 Total fibrosis score was 

calculated by combining the grades of staging of all three staging techniques.

Statistical Analysis

Data were expressed as mean ± SD or median (25th-75th interquartile range) according to 

level of skew, or total number plus percentages. One-way analysis of variance test was 

performed to compare differences in liver and spleen stiffness among patients according to 

Fontan type, as well as by those with a surgical fenestration, who underwent Fontan 

conversion, had esophageal varices, nodules demonstrating biopsy proven hepatocellular 

carcinoma, patients with veno-venous collaterals, and those patients with underlying 

heterotaxy syndrome. To compare matched paired differences in spleen and liver stiffness in 

the entire cohort, a paired t-test was utilized. Correlations between liver and spleen stiffness 

with continuous clinical measures were summarized with Pearson’s correlation coefficient 

and tested by simple linear regression. For all statistical analyses a P value less than .05 was 

deemed statistically significant. All data analysis was performed by a statistician (RJL) with 

JMP (SAS Institute Inc., SAS Campus Drive, Cary, North Carolina, 27513, USA.)

Results

Patient Characteristics

Baseline patient characteristics are described in table 1. A total of 50 patients with prior 

Fontan operation, 25/50 (50%) female, median age 25 (21-33) years were identified. Cardiac 

anatomy included 30/50 (60%) patients with left ventricular morphologic (double inlet left 

ventricle, n = 16; tricuspid atresia, n = 12; pulmonary atresia with intact ventricular septum, 

n = 1; and unbalanced atrioventricular septal defect with left ventricular dominance, n = 1); 

20/50 (40%) patients with right ventricular morphologic (double outlet right ventricle with 

mitral atresia, n = 8, hypoplastic left heart syndrome, n = 6; unbalanced atrioventricular 

septal defect with right dominance, n = 5; and double inlet right ventricle, n = 1). Six 

patients had heterotaxy syndrome (all asplenia). There were three deaths in this cohort 

during follow-up, all in patients with hepatocellular carcinoma (including one patient with 

heterotaxy). Two other patients had transplantation (one heart-liver for hepatocellular 

carcinoma and one heart transplantation alone for protein losing enteropathy); and five 

patients had been listed for transplant at the time of this review (all four listed for heart-liver 

due to chronic combined systolic and diastolic heart failure along with cirrhosis; one listed 
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for heart for refractory atrial arrhythmias and diastolic heart failure). A total of 7/50 (14%) 

patients had received potentially hepatotoxic medications: amiodarone (n = 3), prednisone (n 

= 2), and methimazole (n = 2).

Surgical History

The types of Fontan connection included atrio-pulmonary (AP) in 20/50 (40%) patients, 

lateral tunnel in 17/50 (34%), and extracardiac conduit in 13/50 (26%). Mean interval from 

Fontan to hepatology evaluation was 21±7 years. Interval from Fontan to first hepatology 

evaluation was longer with AP connection (28 ± 5 years) compared to lateral tunnel (20±4 

years) and extracardiac Fontan connection (14±5 years)(P<.01) (Table 1). Seventeen 

patients of fifty patients (34%) had patent Fontan fenestrations at time of hepatology 

evaluation.

Hemodynamic Catheterization Data

Hemodynamic data are shown in table 2. These data were available in 30 patients. Cardiac 

catheterization was performed a mean of 4±3 months before or after MRE. The mean resting 

cardiac index was 2.4 L/min/m2. Mean Fontan pressure was 16±4 mmHg; mean pulmonary 

capillary wedge pressure was 10±3 mmHg; and ventricular end diastolic pressure was 12±3 

mmHg. The mean pulmonary vascular resistance index was 3±1 Wood Units·m2. Mean 

aortic saturations were 90±5%. The hepatic vein pressure and hepatic venous wedge 

pressure were elevated at 17±3 and 19±5 mmHg respectively, while the hepatic venous 

pressure gradient was at 2±1 mmHg. Fontan pathway stenosis was present in 11/50 (22%) 

patients (covered stents were placed in 2 patients). Systemic veno-venous collaterals were 

present in 24/50 (48%) patients (5 patients had prior embolization), and pulmonary 

arteriovenous malformations were present in 5/50 (10%) patients. Echocardiographic data 

are described in table 2.

Cardiac MRI/MRE Findings

MRI data are described in table 3. Hepatic imaging revealed nodularity in 34/50 (68%) 

patients caudate lobe hypertrophy in 26/50 (52%), lobar atrophy in 19/50 (38%), and 

hepatomegaly in 30/50 (60%). There were a total of 21 nodules identified in 13/50 (26%) 

patients. Eight of 21 nodules (38%) had decreased contrast uptake on delayed post-contrast 

imaging (suggestive of malignancy). Three of these 8 nodules had biopsy proven 

hepatocellular carcinoma (Table 3).

Laboratory Results and Cirrhosis Clinical Indices

Laboratory and liver data are described in table 3. Of note, mean GGT value was 96±54 U/L 

which was elevated to two times the upper limit of normal. Thirty-nine of 50 (78%) patients 

had hepatitis A, B and C serologies available. Three patients were hepatitis C positive, and 

two had hepatocellular carcinoma. The AST to Platelet Ratio Index was elevated above 

normal; to levels consistent with fibrosis. The MELD, MELD-XI, Child–Turcotte–Pugh, 

and VAST score were elevated.
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Histopathologic Findings

Liver biopsies were available in 10/50 (20%) patients. Eight of these were considered 

adequate for pathologic interpretation. Indications for liver biopsy were: suspicious nodules 

(n=4), pre-cardiac transplant liver surveillance for cirrhosis (n=3), cirrhotic configuration on 

MRI (n=2), hepatomegaly on ultrasound (n=1). Pathologic data are shown in Table 4. MRE 

liver stiffness and spleen stiffness strongly correlated with histologic grade of fibrosis (R = 

0.74, P=.02; R = 0.97, P=.002) (Figure 5). Three patients had targeted biopsies of specific 

lesions that revealed hepatocellular carcinoma.

Stiffness analysis

MRE data are demonstrated in table 5. All 50 MREs were interpretable with 100% technical 

success. Mean liver and spleen stiffness were (5.5±1.4 and 8.2±2.8 kPa) respectively (Table 

5). There were no significant differences in mean liver stiffness based on type of Fontan 

connection, ventricular morphology, or history of prior Fontan conversion. Patients with a 

fenestration at the time of Fontan operation had significantly decreased mean liver stiffness 

(4.8±0.3 vs. 5.8±0.2, P=.01) and spleen stiffness (6.6±0.7 vs. 9.0±0.5, P=.001) relative to 

non-fenestrated patients (Table 5). The presence of varices were associated with increased 

liver stiffness (5.9±0.2 vs 4.9±0.3, P=.02) and spleen stiffness (9.2±0.6 vs. 7.0±0.6, P=.01) 

compared to those without varices (Table 5). The presence of veno-venous collaterals was 

associated with an increased liver stiffness compared to those without collaterals (5.9±0.3 

vs. 5.1±0.3, P=.04) (Table 5). Mean spleen stiffness was higher than liver stiffness among 

all patients in the cohort and in each type of Fontan connection (Table 5).

Three patients (ages 33, 42, and 23 years old [mean liver stiffness: 6.8 kPa, 7.4 kPa, and 8.2 

kPa respectively]) with multiple nodules exhibiting decreased contrast uptake on delayed 

post-contrast imaging, and were ultimately found to have hepatocellular carcinoma on 

biopsy. Among the patients with nodules, those with malignant nodules had increased mean 

liver stiffness compared to those with benign nodules (10.8±4.7 versus 4.0 ± 1 kPa; P=.01).

Increase liver stiffness correlated with total fibrosis score, time since Fontan operation, 

Fontan pressure, GGT, MELD score, creatinine and pulmonary vascular resistance index 

and was inversely correlated with catheterization derived cardiac index (Figure 6). Spleen 

stiffness was directly correlated with splenic volume (R = 0.34, P=.03). GGT correlated 

with Fontan pressure (R = 0.66, P=.03), AFP (R = 0.72, P=.04), AST-platelet ratio (R = 

0.34, P=.03), and splenomegaly (R = 0.43, P=.04). No other correlations were noted among 

all other clinical, imaging, hemodynamic, or laboratory variables.

Discussion

We report a large study of MRE in patients after Fontan operation with concomitant 

assessment of hemodynamic and histopathologic data. Our observations suggest that MRE 

may be an important early detection tool for congestive cirrhosis after Fontan. We also 

found that liver stiffness was associated with progressive fibrosis and this appeared to be a 

time dependent phenomenon.
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In contrast to previous reports of patients with non-cardiac cirrhosis, few patients in this 

cohort had symptomatic cirrhosis. We speculate that passive congestion from elevated 

central venous pressure may result in a greater degree of stiffness, as measured by MRE, in 

Fontan patients relative to non-cardiac cirrhotic patients. This may account for the more 

indolent sub-clinical progression of cirrhosis in patients after Fontan operation. The 

association of stiffness, fibrosis scores and suboptimal hemodynamics (lower cardiac output, 

higher mean Fontan pressure and pulmonary resistance) leads us to believe that chronically 

elevated central venous pressure, in concert with impaired hepatic perfusion is likely to be 

the mechanism of hepatocyte injury causing fibrosis and progression to cirrhosis.9,14-18 in 

these patients. This was further supported by the advanced degree of peri-sinusoidal fibrosis 

observed in this cohort. These hepatic cells most are the most vulnerable to ischemic injury 

in a low cardiac output state (Figure 7).

We demonstrated that MRE is a useful tool for prognostic assessment of hepatic fibrosis and 

a screening tool for hepatocellular carcinoma. At nearly 20 years after Fontan operation, 

excluding those with HCC, no patient was noted to have progressive end-stage cirrhosis. 

Other institutions have advocated routine liver biopsy 10 years after Fontan.19 While liver 

biopsy remains the gold standard for diagnosis of cirrhosis, it carries invasive risk of adverse 

events, poor patient compliance, additional cost, and problems with sampling error and 

variability by histologic assessment.7,10,11,20 Early invasive biopsy in children may be 

avoided by MRE assessment beginning at 10 years after Fontan. MRE may serve as a 

method to reserve invasive evaluations such as biopsy to a smaller group of pts in whom the 

data is most likely to impact their management. Such surveillance for detection of hepatic 

fibrosis may yield an opportunity to institute medical, catheterization based, or surgical 

therapy to decrease hepatic afterload in an effort to avoid progression to cirrhosis and 

eventual need for heart-liver transplantation. MRE may also direct which segment of the 

liver to target when biopsy is performed, as was done in all of our patients undergoing liver 

biopsy. Here, our institution proposes a Fontan liver diagnostic evaluation for detection and 

surveillance of cirrhosis utilizing MRE (Figure 8).

Differentiation of Benign Versus Malignant Liver Nodules

MRE was useful for characterization of liver nodules. A study of 44 hepatic masses in 29 

patients showed that malignant tumors had elevated mean stiffness values compared to 

benign tumors (10.1 kPa versus 2.7 kPa, P<.01).10,20 In the current study, 10 patients had 

suspicious liver nodules. Suspicious dynamic enhancement features, mild T2 hyperintensity, 

arterial phase hypervascularity, and washout of intravenous contrast and reduced hepatocyte 

contrast uptake that are findings typical for hepatocellular carcinoma, were seen in five 

patients (Figure 9). Patients with malignant nodules had increased mean liver stiffness 

compared to those with benign nodules (P=.01). MRE may aid in detecting malignant 

nodules and also may guide targeted liver biopsy rather than random sampling.

GGT - Potential Biomarker for Cirrhosis after Fontan Operation?

GGT has not previously been demonstrated to correlate with degree of hepatic fibrosis in 

patients after Fontan prior to this study. Other standard laboratory indices for hepatic 

dysfunction are frequently normal or minimally increased in patients after Fontan operation. 
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GGT directly correlated with liver stiffness, and also correlated with Fontan pressure, AST-

platelet ratio, and splenomegaly. Venous outflow impairment can result in ductal 

proliferation.21-23 GGT is present in bile duct endothelial cells, and is elevated in scenarios 

of biliary blockage and ductal proliferation.21-23 We speculate that GGT may be a novel 

biomarker for progression of hepatic fibrosis or simply reflective of progressive central 

venous (Fontan) pressure elevation. GGT may also add significantly as a screening tool in 

addition to MRE to aid in determining which patients require liver biopsy.

Limitations

Unfortunately only a few of the patients in the cohort had liver biopsy samples that could be 

correlated with the other data obtained. Despite this, we were still able to demonstrate that 

the degree of fibrosis increased as MRE stiffness values increased. A larger cohort is needed 

to define a “severity” scale for estimating fibrosis based on stiffness in Fontan patients, but 

our observations would suggest that this type of grading scale is not only possible, but also 

likely to be clinically useful. It is possible that stiffness after Fontan is likely related to both 

elevated central venous pressure and fibrosis. Prospective study examining stiffness in 

patients with similar central venous pressure at baseline shortly after Fontan and long term 

will need to be undertaken to determine how much stiffness is congestion versus hepatic 

disease.

The incidence of hepatitis C may be underestimated in this cohort, since 20% of patients 

were not screened for infectious hepatitis. Our patient population was older (mean age = 28 

years old) and most were older than age 4 years at the time of Fontan operation. Future 

study should involve evaluating the entire age spectrum of patients following the Fontan 

operation, instead of a predominately older cohort referred for liver evaluation, to 

adequately determine the effect of age on stiffness.

Conclusion

We present a large study concomitantly assessing clinical, histopathologic, and 

hemodynamic data after Fontan operation with MRE. The association between hepatic 

stiffness and fibrosis scores, MELD scores, and GGT, suggests that MRE may be useful to 

detect (and possibly quantify) hepatic cirrhosis in Fontan patients. Correlation between 

stiffness and post-Fontan time interval, mean Fontan pressure, PVR and reduced CI suggests 

a role for long term hepatic congestion in creating these hepatic abnormalities. The 

relationship between stiffness with advanced fibrosis and hepatocellular carcinoma provides 

a strong argument for additional study and broader application of MRE in these patients. 

Based on this experience, MRE deserves further study to determine appropriate “normal” 

MRE values for patients with high central venous pressure. MRE may provide a powerful 

yet non-invasive method for screening patients after Fontan operation for hepatic fibrosis 

without biopsy.
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MELD Model for End-Stage Liver Disease

VAST varices, ascites, splenomegaly, thrombocytopenia

AP atrio-pulmonary
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Figure 1. Fontan surgical subtypes

The Fontan operation consists of rerouting systemic bicaval venous return directly into the 

pulmonary arterial confluence, effectively bypassing the subpulmonary ventricle. These 

angiograms demonstrate the Fontan subtypes in order of the surgical era: atriopulmonary, in 

which the right atrial appendage is directly sewn to the pulmonary arterial confluence, the 

superior vena cava is left in continuity with the atrium, and the atrium acts as a functional 

conduit (left); lateral tunnel, in which the conduit lies within the right atrium, connecting the 

inferior vena cava (IVC) to the pulmonary artery (PA) and the superior vena cava is sewn 

directly to the right PA (middle); and the extracardiac type of Fontan connection, in which a 

conduit lying outside the heart connects the IVC to the inferior portion of the pulmonary 

arterial confluence and the superior vena cava is sewn directly to the right PA (right).
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Figure 2. Fontan Operation and Pathophysiology of Cirrhosis

In patients after Fontan operation, systemic venous return directly connects to the pulmonary 

arteries with non-pulsatile passive venous filling of the pulmonary arterial bed resulting in 

markedly elevated central venous pressure. Overtime, this elevated central venous pressure 

can increase the afterload experienced by the liver. In combination with the inherent low 

cardiac output state and chronic systolic and diastolic dysfunction of patients after Fontan 

operation, congestive hepatopathy can result.
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Figure 3. Magnetic Resonance Elastography - Patient Setup

A passive driver is placed on the upper right abdomen connected by plastic tubing to an 

active driver which transmits low frequency sounds waves via an audio subwoofer.10
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Figure 4. Interpretation of Elastograms

Shear stiffness maps from MREs of patients in this cohort demonstrating progressive mean 

liver stiffness.
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Figure 5. Liver Stiffness and Spleen Correlation with Liver Biopsy Total Fibrosis Score

Progressive MRE liver and spleen stiffness strongly correlated with liver biopsy derived 

total fibrosis score histologic grade of fibrosis (R = 0.74, P=.02; R = 0.97, P=.002). Total 

fibrosis score was calculated by combining Ishtak portal fibrosis score, Scheuer portal 

fibrosis score, and sinusoidal fibrosis score.
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Figure 6. Clinical and Hemodynamic Correlation with Liver Stiffness

In univariate analysis linear regression analysis liver stiffness correlated with years since 

Fontan (R = 0.30; P=.03)(top left), Fontan pressure (R = 0.41; P=.03)(top middle), GGT (R 

= 0.47; P=.03)(top right), MELD score (R = 0.48; P=.002)(bottom left), and PVR index (R 

= 0.53; P=.004)(bottom middle) and inversely correlated with catheterization derived 

cardiac index (R = -0.43; P=.02)(bottom right).
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Figure 7. Typical Histologic Findings Fontan Related Cirrhosis

40 × magnification with Masson’s trichrome stain showing bridging portal fibrosis (portal 

triads circled in yellow, bridging fibrosis: yellow arrows, central vein depicted by the red 

asterisk), and centrilobular perisinusoidal fibrosis (blue arrow). Sinusoidal hepatic cells are 

vulnerable to ischemic injury in low cardiac output as in the Fontan physiology.
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Figure 8. Proposed Mayo Clinic Fontan liver protocol

This is the proposed Mayo Clinic algorithm for post-Fontan liver surveillance of cirrhosis 

(left) and Mayo Clinic Algorithm to Determine Need for Liver Biopsy (right).
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Figure 9. Case Example - 21 year Female with Liver Nodules on Ultrasound and Elevated 
Tumor Markers

Three hypervascular lesions in the liver [largest = 2.1 × 1.6 cm (yellow arrows)]. Arterial 

phase: nodular enhancement. Venous-hepatocyte phase: uptake consistent with focal nodular 

hyperplasia (blue arrows). In hepatocellular carcinoma, uptake is absent. The elastogram 

(top row) shows normal stiffness (2.8 kPa) in the area of the nodule (white dashed circle). In 

benign nodules, stiffness is normal, whereas in malignant nodules stiffness is severely 
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elevated. Liver biopsy of this lesion confirmed focal nodular hyperplasia, consistent with the 

elastogram findings.9,19
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Table 1

Patient Characteristicsa,b

Variable (N=50)

Sex (female) 25 (50)

Age at Fontan (years) 4 (2-9)

Age at hepatology evaluation (years) 25 (21-33)

Interval post-Fontan to liver evaluation (years) 22 (16-26)

 Atrio-pulmonary 26 (25-31)

 Lateral Tunnel 20 (17-23)

 Extracardiac 16 (9-17)

Single ventricle diagnosis:

 LV morphology 30 (60)

 RV morphology 20 (40)

Fontan Type

 Atrio-pulmonary 20 (40)

 Lateral tunnel 17 (34)

 Extracardiac 13 (26)

Fenestrated 17 (34)

Heterotaxy 6 (12)

a
LV = left ventricle; RV = right ventricle.

b
Values are presented as mean ± SD, No. (percentage), or as median (interquartile range).
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Table 2

Hemodynamic and Imaging Dataa,b

Variable

Echocardiography data (N=50)

 Ejection fraction 52±11

 Systemic AV valve regurgitation grade

  Trivial 7 (14)

  Mild 34 (68)

  Moderate 7 (14)

  Severe 1 (2)

MRI data (N=50)

 Cardiac index (L/min/m2) 2.8±1

 MR ejection fraction (%) 52±9

 Stroke volume (ml) 46±17

 ESV index (ml/m2) 43±22

 EDV index (ml/m2) 89±36

Cardiac catheterization data (N=30)

 Aortic oxygen saturation (%) 90±5

 VEDP (mmHg) 12±3

 Fontan pressure (mmHg) 16±4

 Pulmonary capillary wedge pressure (mmHg) 10±3

 Hepatic vein pressure (mmHg) 17±3

 Wedge hepatic venous pressure (mmHg) 19±5

 Hepatic venous pressure gradient (mmHg) 2±1

 Pulmonary arteriolar resistance index (WU·m2) 3±1

 Cardiac index (Fick) (L/min/m2) 2.4±0.6

 Fontan pathway stenosis 11 (22)

 Veno-venous collaterals 24 (48)

a
AV = atrioventricular; MRI = magnetic resonance imaging; EF = ejection fraction; ESV = end-systolic volume; EDV = end-diastolic volume; 

VEDP = ventricle end diastolic pressure; PA = pulmonary artery; WU = woods units; AVM = arteriovenous malformations.

b
Values are presented as mean ± SD, or as No. (percentage).
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Table 3

Liver Dataa,b

Variable (N=50)

Secondary manifestations of cirrhosis

 Splenomegaly 35 (70)

 Varices 29 (58)

 Ascites 23 (46)

 Portal gastropathy 6 (12)

 Hepatorenal syndrome 2 (4)

 Hepatic encephalopathy 1 (2)

MRI findings (N=50)

 Nodularity 34 (68)

 Caudate lobe hypertrophy 26 (52)

 Lobar atrophy 19 (38)

 Liver enlargement 30 (60)

 Splenic volume ml3 800 (495-925)

 Portal vein diameter > 12 mm 16 (32)

 No. of patients with nodules 13 (26)

 Nodules (N=21)

  Hyper-enhancing nodules 13 (62)

  Hepatocellular carcinoma 3 (14)

Laboratory tests Normal range

 GGT (U/L) 96±54 (7–50)

 AST (U/L) 43±31 (8–43)

 ALT (U/L) 48±41 (7–45)

 Alkaline phosphatase (U/L) 141±121 (37–98)

 Protein (g/dL) 7± 0.9 (6.3–7.9)

 Albumin (g/dL) 4.3± 0.7 (3.5–5.0)

 Total bilirubin (mg/dL) 1.3±1 (0.1-1.0)

 Direct bilirubin (mg/dL) 0.4±0.3 (0–0.3)

 Alpha-fetoproteinc (ng/mL) 3.3±1.9 (<0.6)

 Creatinine (mg/dL) 1.0±0.5 (0.6–1.1)

 Hemoglobin (g/dL) 15±2.5 (12–15.5)

 Platelets (× 109/dL) 155±52 (150–450)

 INRd 2.4±0.6 (0.8-1.2)

 INRe 1.4±0.5 (0.8-1.2)

Clinical scores

 AST-Platelet ratio index 0.4±0.2 (<0.3)

 MELD Score 15±9 (<6)

 MELD-XI Score 9±6 (<11)
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Variable (N=50)

 CTP Score 7±2 (<5)

 VAST Score 2.1±1.1 (<1)

a
MRI = magnetic resonance imaging; GGT = γ-glutamyl transferase; AST = aspartate aminotransferase; ALT = alanine aminotransferase; INR = 

international normalized ratio; MELD = Model for End-Stage Liver Disease; MELD-XI = Model for End-Stage Liver Disease excluding INR; CTP 

= Child–Turcotte–Pugh Classification; VAST = Varices, Ascites, Splenomegaly, and Thrombocytopenia.

b
Values are presented as mean ± SD, as No. (percentage), or as median (interquartile range).

c
Excluding patients with hepatocellular carcinoma.

d
Patients receiving warfarin.

e
Patients not receiving warfarin.
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