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The Fontan circulation and the liver: 
a magnetic resonance diffusion-weighted imaging study
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Aad P van den Berg, Tjark Ebels, Paul E Sijens, Rolf  MF Berger



Abstract

B ackground: Patients with a Fontan circulation tend to develop liver fibrosis, 
-cirrhosis and even hepatocellular carcinoma. The aim of  this study is to use the 
magnetic resonance technique diffusing-weighted imaging (DWI) for detecting liver 

fibrosis/cirrhosis in Fontan patients and to establish whether DWI results are associated with 
functional aspects of  the Fontan circulation. 

Methods: In a cross-sectional study, 59 Fontan patients were evaluated by liver DWI. The 
association between apparent diffusion coefficients (ADC) and patient characteristics, 
laboratory measurements and functional aspects of  the Fontan circulation (NYHA class, 
maximum oxygen uptake during exercise and cardiac index) was assessed. 

Results: Liver ADC values were low (0.82×10-3  ±  0.11×10-3 mm²/s) compared with literature 
values for healthy volunteers and correlated negatively with calculated liver fibrosis/cirrhosis 
scores (Fib-4 score, p=0.019; AST/ALT ratio, p=0.009) and gamma-glutamyl transferase 
(p=0.031). Furthermore, ADC values correlated negatively with follow-up duration (p < 
0.001) and positively with cardiac index (p=0.019). No correlation between ADC values 
and exercise tests was found. In multivariable analysis, the ADC values were independently 
correlated with follow-up duration after Fontan completion.

Conclusions: The results of  the current study suggest that progressive liver damage due to 
chronic congestion and potential hypoperfusion is reflected in the liver ADC values in Fontan 
patients. This study highlights that liver damage in the context of  the Fontan circulation 
might be far more common than previously thought, and that the implementation of  liver 
assessment in the routine follow-up of  Fontan patients is recommendable. 
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Introduction

The Fontan operation has been employed for over 40 years to palliate patients with a 
functionally univentricular heart1,2. Despite improved short-term survival3, this palliative 
procedure is characterized by increased central venous pressure and has significant 

complications on the long-term, including impaired ventricular function. The liver is one of  the 
organs that suffers from the non-physiologic hemodynamics of  the Fontan circulation4. The 
increased IVC pressure is directly transmitted to bed of  the liver due to the lack of  valves in the 
hepatic veins5. Also, a restricted cardiac output and diminished flow in the portal vein expose 
the liver to potential hypoperfusion6. Furthermore, several accompanying Fontan sequelae, 
such as increasing pulmonary vascular resistance and conduit obstructions, may further increase 
venous pressures and decrease cardiac output. Recently, Fontan patients have been suggested to 
develop liver fibrosis/cirrhosis after longstanding Fontan circulation, with reported incidences 
up to 58%7-9. Even hepatocellular carcinoma is reported, with an estimated incidence between 
1.5 and 5.0% per year7-9.

Currently, liver biopsy is considered the gold standard to evaluate liver fibrosis/cirrhosis10. 
However, in Fontan patients a biopsy may be hazardous due to the presence of  chronic 
venous congestion and subsequent risk for hemorrhage. Recently, magnetic resonance 
elastography (MRE) and diffusion-weighted imaging (DWI) both have been suggested 
as non-invasive alternatives for liver biopsy11. MRE has shown increased stiffness of  the 
liver in Fontan patients. Furthermore, correlations between MRE and hepatic histologic 
abnormalities were reported in children with chronic liver disease12, but these correlations are 
not yet confirmed in patients with a Fontan circulation. Hepatic venous congestion may also 
increase liver stiffness, limiting the assessment of  true fibrosis13. DWI is a magnetic resonance 
technique based on the Brownian motion of  water to measure diffusion of  water protons 
through a tissue. DWI quantifies the diffusion in each voxel by calculating the apparent 
diffusion coefficient (ADC value). Liver fibrosis/cirrhosis is characterized by accumulation 
of  extracellular matrix, which restricts water diffusion and lowers ADC values14. DWI has 
been successfully used by several investigators to detect and stage liver fibrosis/cirrhosis, but 
has not yet been described in the Fontan circulation.

The aim of  this study is to investigate the liver status in Fontan patients by exploring DWI 
of  the liver and to identify its relationship with functional aspects of  the Fontan circulation, 
explored by exercise test and cardiac magnetic resonance (CMR) examinations.  

Methods

Patients

In this cross-sectional study, consecutive Fontan patients ≥ 10 years of  age and followed at 
our institution, were included between January 2012 and October 2013. This study has been 

The Fontan circulation and the liver: a MR-DWI study



96

carried out in accordance with the Declaration of  Helsinki. Approval of  the institutional ethics 
committee was obtained and written informed consent was collected from the participants. 

Clinical variables

Information about the medical history was collected from medical records, including cardiac 
diagnosis, type of  initial Fontan operation, follow-up duration since Fontan operation and 
diagnosed liver diseases. Follow-up duration of  patients with a Kawashima procedure was 
calculated from the moment that the hepatic veins were connected with the Fontan circulation. 
Height, weight, heart rate, blood pressure, oxygen saturation and the presence of  jaundice/
encephalopathy/ascites were obtained during routine follow-up. Body surface (BSA) was 
calculated using Haycock’s formula17. 

Functional capacity was evaluated by New York Heart Association class (NYHA) as assessed by 
the treating physician, and by cardiopulmonary exercise testing (CPET). CPETs were performed 
on stationary cycle ergometers in children and treadmills in adults. For children, we used a 
ramp protocol with an increase of  15 or 20 watt per minute depending upon the height. For 
adults a Bruce or modified Bruce protocol was used. Maximum oxygen uptake (VO2max) was 
measured using breath-by-breath gas analysis. Results of  exercise tests were only included when 
the patients reached the anaerobic threshold, defined as a respiratory exchange ratio ≥ 1.01. 
Predicted values were calculated according to age, sex and length, using Takken’s formula for 
patients <18 years and Wasserman’s formula for patients > 18 years old18-19.

Cardiac function was evaluated by CMR using a commercially available 1.5 T scanner (Magnetom 
Aera, Siemens Medical Solutions, Erlangen, Germany). The imaging protocol and image 
analyses were performed (using Mass 7.6 Medis Medical Imaging, Leiden, the Netherlands) 
as previously described20. CMR assessment included end-diastolic volume indexed by BSA 
(combined hypoplastic and systemic ventricle volumes), ejection fraction, and cardiac index. 
In addition, measurements of  the inferior caval vein (IVC) circumference were performed 
on the magnetic resonance angiography source image data in order to estimate the degree of  
systemic venous congestion. Double-oblique short axis of  the IVC were determined in the 3D 
setting (Aquarius iNtuition software, TeraRecon, San Mateo, California, USA) with the long axis 
oriented from the mid-vessel on the sagittal plane and the short axis oriented perpendicular to 
the vessel wall on the oblique plane. The circumference of  the vessel was measured between 
either the right atrium or extracardiac conduit anastomosis and the hepatic vein influx. The 
diameter was calculated from the circumference and was indexed by BSA. 

Assessment of  the Liver

Diffusing-weighted imaging of  the liver was acquired subsequent to the CMR protocol. A 32-element 
spine matrix coil and a 4 element body matrix were used as receiver, and the body coil as 
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transmitter. The protocol included a routine localizer and 9 DWI series (b=0, 50, 100, 250, 500, 
750, 1000, 1500, 1750 s/mm2) acquired using a spin-echo based echo-planar imaging sequence 
and the following parameters: TR 5900-9600ms; TE 90ms; slice-thickness 5mm; slice gap 
10mm; FOV 242×300mm2; matrix 116×144; bandwidth 1335 Hz/pixel; averages 4 and parallel 
acquisition technique GRAPPA with acceleration factor 2. PACE respiratory triggering was 
enabled and spectral adiabatic inversion recovery was used for fat suppression to avoid artifacts 
from subcutaneous fat. Between 14 and 16 transverse slices were acquired to cover the whole 
liver. Circular regions-of-interest (ROIs) with a diameter of  21.5mm were drawn in segment II, 
III, IV, V, VI, VII, VIII of  the liver, according to the Couinaud-Bismuth classification21. Care 
was taken to avoid major blood vessels in the ROIs. The signal intensities of  all ROIs at the 9 
b-values used were fitted mono-exponentially21, yielding an average ADC value for each patient. 

In order to assess the intraobserver- and interobserver reproducibility of  the liver MR 
measurements, fifteen randomly selected patients were re-analyzed by the primary observer 
(D.W.) and by a second observer (H.D.). Observers were unaware of  the results of  previous 
analyses. 

Laboratory measurements were conducted in a venous blood sample. To assess hepatic synthesis 
function and hepatocellular injury, aspartate transaminase (AST), alanine transaminase (ALT), 
total bilirubin, albumin, thrombocyte count, prothrombin time (PT), and Factor VIII were 
measured. Variables associated with congestion of  the liver included gamma-glutamyl transferase 
(γ-GT) and alkaline phosphatase. The MELD-XI score (Model for end-stage liverdisease 
excluding INR) was calculated from creatinin and bilirubin22, fibrosis scores were calculated 
using AST/ALT ratio and FIB-4-scoring to assess the presence of  liver fibrosis/cirrhosis23,24. 

Statistical Analyses

Variables are reported as count (percentages), mean (standard deviations (SD)) or median 
(interquartile ranges (IQR)). Laboratory results where different reference ranges apply for 
different subgroups are reported as categorical variables (within/lower/higher than reference 
range). ADC values are divided into tertiles when presented in the tables. 

Correlations between normally distributed variables were calculated using Pearson’s correlation 
and between non-normally distributed variables using Spearman’s rank correlation. A one-way 
ANOVA test with Bonferroni post hoc analyses was used to compare means of  ADC values for 
categorical variables. To evaluate the effect of  multiple variables on the ADC values, a stepwise 
multivariate linear regression analyses was performed, including all independent variables which 
were significant in univariate analyses. A probability value of  p < 0.05 was considered significant.
Intra- and interobserver agreements were assessed using intraclass correlation coefficients 
(ICC) and interpreted as described by Altman25. Data were analyzed using SPSS for Windows 
(version 18, SPSS inc, Chicago, Illinois, USA). 

The Fontan circulation and the liver: a MR-DWI study



98

Results 

Clinical variables

Fifty-nine patients underwent DWI investigations of  the liver; 32 children and 27 adults 
(Table 1).

Table 1. Patient characteristics  (N=59)

Male  29(49%) 

Diagnosis 

  Tricuspid atresia 

  DILV/DIRV 

  PA with intact ventricular septum 

  Unbalanced VSD/Atrioventricular septum defect 

  Heterogeneous anomalies 

  Hypoplastic left heart syndrome 

22(37%) 

10(17%) 

9(15%) 

9(15%) 

6(10%) 

3(5%) 

Age at Fontan completion (years) 4.7 (3.9-7.7) 

Operative technique 

  Atriopulmonary connection 

  TCPC lateral tunnel 

  TCPC extracardiac conduit 

  Kawashima 

7(12%) 

28(48%) 

22(37%) 

2(3%) 

Time since Fontan operation (years) 13.2±7.7 

Age at current evaluation (years) 19.1±7.5 

Physical examination

BSA (m²) 1.61±0.31 

Heart rate (beats/minute) 79±17 

Systolic blood pressure (mmHg) 113±14 

Diastolic blood pressure (mmHg) 72±12 

Oxygen saturation (%) 94±3 

Table 1. Patient characteristics (N=59)

Data are presented as mean±standard deviation, median(interquartile ranges) or N(%). BSA=body surface 
area, DILV/DIRV=double inlet left/right ventricle; PA=pulmonary valve atresia; TCPC=total cavopulmonary 
connection; VSD=ventricular septum defect.
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Median time between Fontan completion and current evaluation was 13.2 ± 7.7 years, with 
a minimum of  2.3 years and maximum of  33.6 years. None of  the patients had clinically 
manifest jaundice or encephalopathy. Two patients had evident ascites, including one patient 
suffering from protein-losing enteropathy and the other patient from persistent chyle leakage 
after recent Damus-Kay-Stansel operation. One patient was diagnosed (by biopsy) with liver 
cirrhosis and two Fontan patients suffered from Gilbert’s syndrome. Thirty-one patients 
(53%) were in NYHA class I, 27 patients (46%) were in NYHA class II and 1 patient (2%) 
was in NYHA class III. The DWI and CPET were mostly performed on the same day (24 
patients (43%), median 0 days, IQR 0-25 days). The peak VO2index during exercise was 27 
± 8 mL/min/kg (58 ± 14% of  predicted, table 2). The mean cardiac index was 3.1 ± 0.9 L/
min/m² and median end-diastolic volume was 75 (IQR 62-90) mL/m². 

Table 2. Functional aspects of the Fontan circulation and correlation with ADC values

ADC values (×10-3 mm²/s)

N 

<0.779: 

1st tertile 

0.78-0.88: 

2nd tertile 

>0.881:

3rd tertile Total 

Correlation 

coefficient P-value 

Functional capacity

Maximum oxygen-

uptake (VO2/ml/kg), 

% of predicted 

54 57±14 56±16 61±12 58±14 +0.032* 0.815 

NYHA class,  

     I  

     II 

     III 

59 

8(42%) 

10(53%) 

1(5%) 

12(60%) 

7(35%) 

1(5%) 

13(68%) 

5(26%) 

1(5%) 

33(56%) 

23(39%) 

3(5%) 

-0.222† 0.091 

Cardiac function

End-diastolic 

volume index 

(mL/m²) 

57 73±21 80±17 81±24 78±21 +0.199* 0.135 

Ejection fraction (%) 58 55±6 56±7 56±10 56±8 +0.031* 0.817 

Cardiac index 

(L/min/m²) 

57 2.8±0.7 3.3±0.9 3.3±1.0 3.1±0.9 +0.308* 0.019 

Table 2. Functional aspects of  the Fontan circulation and correlation with ADC values

ADC=apparent diffusion coefficients; NYHA=New York Health Association; VO2=oxygen uptake.
* Pearson’s correlation coefficient
† Spearman’s rank correlation coefficient 

The Fontan circulation and the liver: a MR-DWI study
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Assessment of  the liver

Diffusing-weighted imaging
Liver DWI in Fontan patients showed mean ADC values for the seven regions of  the liver 
of  0.82×10-3 ± 0.11×10-3 mm2/s, with a minimum of  0.42×10-3 mm2/s and a maximum of  
1.01×10-3 mm2/s. ICC showed intra- and inter-observer variability’s of  respectively 0.748 and 
0.654; values considered to indicate a sufficient to good correlation. 

Laboratory and IVC measurements
Laboratory results and calculated liver scores are presented in table 3 and 4.

Table 3. Liver parameters 

Mean±SD Normal values Number abnormal (%) 

Laboratory measurements 

AST (U/L) 32±10 <40 12(21%) 

ALT (U/L) 28±9 <45 3(5%) 

γ-GT (U/L) 73±60 F: <40 

M: <55 

32(54%) 

Alkaline phosphatase (U/L) 152±106 <120 21(46%) 

Bilirubin, total (mol/L) 16±13 <17 8(17%) 

Albumin (g/L) 48±4 35-50 11(19%) 

Trombocyte count (×109/L) 206±54 150-350 Lower: 7(13%) 

PT* (sec) 13±1 11-18yrs: 10-12 

>18yrs: 9-12 

36(88%) 

Factor VIII (%) 166±53 50-150 31(60%) 

Liver disease scores 

MELD-XIscore 10.0±1.6 >10 7(15%) 

AST/ALTratio 1.2±0.4 <1 39(68%) 

Fib-4score 0.6±0.2 ≤1.45 1(2%) 

Table 3. Liver parameters

AST=aspartate transaminase; ALT=alanine transaminase; Fib-4=Fibrosis-4 score; GT=glutamyl transferase; 
MELD-XI=model for end-stage liver disease excluding internationalized-normalized-ratio; PT=prothrombin time. 
*Patients treated with coumarinederivate-therapy were excluded.
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All patients had signs of  liver dysfunction or injury, according to one or more elevated values 
of  AST, ALT, bilirubin, albumin, thrombocyte count, PT or Factor VIII. Forty-two patients 
(71%) showed abnormal values associated with hepatic congestion (elevated γ-GT or alkaline 
phosphatase). Thirty-nine patients (68%) showed abnormal liver scores, however only 1 
patient (2%) had elevated Fib-4 score. IVC measurements showed a mean diameter of  25 ± 
7 mm (16 ± 4 mm/m²).

Table 4. Liver parameters and correlation with ADC values

ADC values (×10-3 mm²/s)

N 

<0.779: 

1st tertile 

0.78-0.88: 

2nd tertile 

>0.881:

3rd tertile Total 

Correlation 

coefficient 

P-

value

Laboratory measurements

AST (U/L) 57 29±8 34±10 34±11 32±10 +0.218* 0.104 

ALT (U/L) 57 28±9 29±9 26±8 28±9 -0.174* 0.196 

γ-GT (U/L) 58 108±87 62±34 51±29 73±60 -0.441* 0.001 

Alkaline phosphatase (U/L) 46 129±90 176±132 155±79 152±106 +0.223† 0.136 

Total bilirubin (mol/L) 46 20±18 14±10 13±5 16±13 -0.282† 0.057 

Albumin (g/L) 57 47±4 48±4 48±3 48±4 +0.139† 0.303 

Trombocyte count (×109/L) 53 215±53 213±69 198±44 208±56 +0.006† 0.965 

PT‡ (sec) 41 13±1 13±1 13±1 13±1 +0.162† 0.242 

Factor VIII (%) 52 168±36 161±46 173±76 166±53 +0.051* 0.718 

Liver disease scores

MELD-XIscore 47 10.4±2.1 9.9±1.4 9.6±0.5 10.0±1.6 -0.286† 0.052 

AST/ALTratio 57 1.1±0.4 1.2±0.3 1.4±0.3 1.2±0.4 +0.345* 0.009 

Fib-4score 53 0.6±0.3 0.6±0.3 0.5±0.2 0.6±0.2 -0.321† 0.019

Table 4. Liver parameters and correlation with ADC values

ADC=apparent diffusion coefficients; AST=aspartate transaminase; ALT=alanine transaminase; Fib-4=Fibrosis-4 
score; GT=glutamyl transferase; MELD-XI=model for end-stage liver disease excluding internationalized-
normalized-ratio; PT=prothrombin time. 
*Pearson’s correlation coefficient
† Spearman’s rank correlation coefficient
‡Patients treated with coumarinederivate-therapy were excluded

< 0.779 > 0.881
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Correlation between liver DWI and laboratory / IVC measurements
ADC values correlated with parameters for liver congestion (γ-GT, r =-0.286, p=0.031; IVC 
diameter, r=-0.260, p=0.048). ADC values did not correlate significantly with indexed IVC 
diameter. Regarding liver scores, ADC values correlated with FIB-4 score (r= -0.308, p=0.019) 
and AST/ALTratio (r= 0.345, p=0.009). Correlation trends were found between ADC values 
and both bilirubin (r=-0.282, p=0.057) and MELD-XI score (r=-0.286, p=0.052).

Correlation between liver DWI and clinical / functional variables
ADC values correlated negatively with the duration of  the Fontan circulation (r=-0.636, 
p<0.001, figure 1. 

Patients who underwent an atriopulmonary connection (APC), had significantly lower ADC 
values (0.69×10-3 ± 0.08×10-3 mm2/s) compared to patients with a total cavopulmonary 
connection (TCPC) with a lateral tunnel (0.81×10-3 ± 0.11×10-3 mm2/s, p=0.028), or 
extracardiac conduit (0.87×10-3 ± 0.09×10-3 mm2/s, p<0.001) or a Kawashima procedure 
(0.91×10-3 ± 0.04×10-3 mm2/s, p=0.035). 

ADC values correlated positively with cardiac index (r=0.308, p=0.026), but did not correlate 
with NYHA class or VO2max. 

Figure 1. Scatterplot with linear regression line for ADC values in relation to follow-up duration 
after Fontan operation
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Multivariate analyses for ADC values

Multivariate analyses for ADC values included follow-up duration, operative technique, γ-GT, 
Fib-4 score, AST/ALTratio and cardiac index. Results of  multivariate analyses showed that 
the follow-up duration after Fontan operation was the only independent predictor for ADC 
values in the liver (R²=0.405, p < 0.001). 

Discussion

In the current study, DWI in Fontan patients revealed substantially lower liver ADC 
values compared to values obtained in healthy volunteers as reported in literature21,26-28. 
In univariable analyses, lower ADC values were associated with lower higher IVC 

diameter, γ-GT, and liver fibrosis/cirrhosis scores (Fib-4 score, AST/ALT ratio), longer 
follow-up duration and lower cardiac index. In multivariable analysis, the follow-up duration 
after Fontan completion was the strongest predictor for the ADC values. 

Over the past few years, evidence is emerging that the Fontan circulation is associated 
with progressive liver damage, which presents with disturbed hepatic parameters, such 
as transaminases and coagulation disorders, and eventually may lead to liverfibrosis and 
-cirrhosis or even hepatocellular carcinomas. Liver damage in Fontan patients is thought 
to relate to a chronically elevated systemic venous pressure and restricted cardiac output6. 
Therefore, there is growing awareness that monitoring of  the liver status during the follow-up 
of  Fontan patients is warranted. Hepatic biopsy, the gold standard for assessing liver fibrosis 
and cirrhosis, is an invasive procedure associated with specific risks in Fontan patients, and 
thus not appropriate for follow-up monitoring. Therefore, safe, non-invasive alternatives 
have been proposed. Hepatic DWI can assess non-invasively both liver fibrosis/cirrosis and 
hepatic venous congestion, by measuring ADC values. Hepatic ADC values represent hepatic 
tissue characteristics, which in Fontan patients can be altered either by fibrosis/cirrhosis due 
to the increase in extracellular matrix components16,29,29, or by chronic venous congestion due 
to restricted water diffusion within the microvasculature of  the liver21. Both will lead to lower 
ADC values.

To our knowledge, this is the first study to investigate hepatic DWI in Fontan patients. Hepatic 
ADC values in Fontan patients were decreased when compared to healthy volunteers21,26-28, 
indicating  significant alterations in hepatic tissue structure in these Fontan patients, most 
likely due to structural liver damage and venous congestion. This is supported by the 
correlations, found in univariable analyses, between ADC values and clinical scores for staging 
liver fibrosis/cirrhosis or indicating liver damage, such as the FIB-4 score and the AST/ALT 
ratio respectively, both calculated from plasma levels of  transaminases. It should be noticed, 
however, that these scores have been used, for instance, for predicting clinical outcome in 
patients with hepatitis C and have not been investigated specifically in the Fontan population.

The Fontan circulation and the liver: a MR-DWI study
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Further, ADC values correlated with serum γ-GT level, which is one of  the biochemical 
markers associated with congestive hepatopathy and has been identified as important 
predictor of  cardiovascular death5,30 Congestive hepatopathy is a pattern of  abnormal 
laboratory values, including elevated PT and γ-GT and mildly elevated bilirubin, alkaline 
phosphatase, AST and ALT5,31. A pattern which can be recognized in the Fontan patients in 
the current study. Moreover, the finding that IVC diameter correlated negatively with ADC 
values further supports a hypothesis of  hepatic DWI reflecting the interplay between chronic 
venous congestion and structural changes.

In addition to chronic venous congestion, also hepatic hypoperfusion due to restricted cardiac 
output is suggested as potential mechanism leading to structural liver damage in Fontan 
patients. Since various sequelae of  the Fontan circulation may deteriorate cardiac output, 
we sought to investigate the relation between functional status of  the Fontan circulation and 
liver status. In the absence of  one single cardiovascular variable that adequately characterizes 
the performance of  a Fontan circulation, we measured the “net” cardiac index, assessed 
with MRI, as indicator for Fontan performance. The association between lower cardiac index 
and lower ADC values, found  in the current study, may indicate a potential role for hepatic 
hypoperfusion as a cause for structural liver damage in Fontan patients, but may also highlights 
the correlation between progressive liver disease and a deteriorating Fontan circulation. 

Multivariable analyses revealed that time since Fontan completion was the strongest predictor 
of  low ADC values. The variable time since Fontan completion will interact with several of  
variables associated with ADC values that were identified in univariable analyses. An example 
of  this latter is the observed significant correlation observed between Fontan techniques, 
including atriopulmonary connection or total cavopulmonary connections, and ADC values. 
This might be due to the assumption that some techniques are energetically unfavorable32 
and that increased energy-loss in the circuit may lead to higher venous pressure and thus 
increased liver fibrosis. However, this correlation is confounded by the era at which Fontan 
operation was performed and thus by the follow-up duration. However, due to the limited 
patient numbers in the current study such interactions could not be addressed. Therefore, the 
significant univariable correlations can not be discarded. 

Nevertheless, the observed relation between time since Fontan completion and ADC values is 
in line with previously described time relations between structural liver damage and follow-up 
duration in Fontan patients7,33. Of  special interest is the observation that signs of  structural 
liver damage do not occur only in patients with overt clinical signs of  liver disease, but are 
also present in a cohort of  Fontan patients without overt liver disease and progress over time 
since completion of  the Fontan circulation. This suggests that structural liver disease might 
be an inevitable co-morbidity of  the Fontan circulation, progressing the longer the Fontan 
circulation is in place, and is thus far more common than previously thought34. In the current 
study, according to the laboratory measurements, all patients had some sign of  liver damage.

Altogether, the current results suggest that Fontan patients suffer from progressive liver 
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damage likely due to chronic venous congestion and hypoperfusion, and that liver damage 
might be present without clinical signs of  liver failure. Derangement of  hepatic function can 
affect various hormonal and protein pathways, and can cause vasomotor deregulation of  the 
cardiovascular system5. Furthermore, even mild hepatic dysfunction is known to be associated 
with decreased survival after cardiac surgery35. This calls for an early implementation of  liver 
assessment in the routine follow-up of  Fontan patients. Potentially, fast progression of  liver 
disease in Fontan patients could be indicative for adverse hemodynamic circumstances, such as 
conduit obstruction or an increase in pulmonary vascular resistance. DWI can be performed 
as adjunct to the routine CMR in Fontan patients and takes around 15 minutes per patient. 
Besides the value of  DWI to monitor liver status, this imaging technique has a high efficacy 
for identifying even small hepatocellular carcinoma (< 2cm) in a cirrhotic liver, which could 
support its inclusion in the routine Fontan follow-up protocol in the future36. Finally, DWI 
provides the opportunity to distinguish microperfusion components from true diffusion in 
the liver21. This bi-exponential model of  DWI could be a major advantage compared to 
other non-invasive alternatives for liver biopsy. We suggest further research to investigate this 
model in the Fontan population.

Limitations

Since no liver tissue was available in the studied patients, we could not confirm low ADC 
values measured by DWI to reflect histological confirmed tissue alterations. Also, the DWI 
technique is sensitive to motions in the regions-of-interest and breathing, cardiac motion, 
and microperfusion have been shown to influence the results21,37. To minimize the variability 
caused by different location of  the ROIs, we used a protocol in which seven segments of  
the liver were measured, and the mean ADC was calculated from these segments. The intra- 
and interobserver variability of  the DWI measurements in this study showed a sufficient 
to good correlation. The variation in reproducibility that was identified could be caused by 
the positioning of  ROIs within the liver segments, which may cause variation by different 
microperfusion or other artifacts. Finally, no control group was included in the current study, 
which in our opinion was justified as ADC values published in different high-b-value healthy 
volunteer studies have been rather similar21,26-28.  

Conclusion

The results of  the current study suggest that progressive liver damage due to chronic 
congestion and potential hypoperfusion is reflected in the liver ADC values in Fontan patients. 
This study highlights that liver damage in the context of  the Fontan circulation might be far 
more common than previously thought, and that the implementation of  liver assessment in 
the routine follow-up of  Fontan patients is recommendable. 
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