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Objectives: Fontan-associated liver disease (FALD) is the most common end-organ
dysfunction affecting up to 70-80% of the Fontan population. The clinical significance
of FALD is incompletely understood and no unambiguous correlation between hepatic
function and FALD severity has been established. In this study, we sought to evaluate
maximal liver function capacity with liver maximum function capacity test (LIMAX®) in
adult Fontan patients.

Methods: Thirty-nine adult Fontan patients (median age: 29.4 years [IQR 23.4;
37.4], median follow-up after Fontan operation: 23.9 years [IQR 17.8;26.4]) were
analyzed in a cross-sectional observational study using LIMAX® test (Humedics
GmbH, Berlin, Germany), laboratory testing, transient elastography (TE) and hepatic
ultrasound. The LIMAX® test is based on the metabolism of '3C-methacetin, which
is administered intravenously and cleaved by the hepatic cytochrome P4501A2 to
paracetamol and '3CO,, which is measured in exhaled air and correlates with maximal
liver function capacity.

Results: Maximal liver function capacity assessed by LIMAX® test was normal in 28
patients (>315 wg/h*kg) and mildly to moderately impaired in 11 patients (140-314
wg/h*kg), while no patient displayed severe hepatic impairment (<139 png/kg*h). No
correlation was found between maximal liver function capacity and hepatic stiffness by
TE (”* = —0.151; p = 0.388) or the presence of sonographic abnormalities associated
with FALD (> = —0.204, p = 0.24). There was, however, an association between maximal
liver function capacity and the laboratory parameters bilirubin (> = —0.333, p = 0.009)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1

December 2021 | Volume 8 | Article 764009


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.764009
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.764009&domain=pdf&date_stamp=2021-12-23
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:schleiger@dhzb.de
https://doi.org/10.3389/fcvm.2021.764009
https://www.frontiersin.org/articles/10.3389/fcvm.2021.764009/full

Schleiger et al.

Morphologic Alteration Precede Functional Impairment

and y-glutamyl transferase (> = —0.367; p = 0.021). No correlation was detected
between maximal liver function capacity and the severity of FALD (> = —0.235; p
=0.152).

Conclusion: To the best of our knowledge, this is the first study to evaluate maximal liver
function capacity using LIMAX® test in Fontan patients, which is a useful complementary
diagnostic instrument to assess chronic hepatic injury. Maximal liver function capacity
was preserved in most of our adult Fontan patients despite morphologic evidence of
FALD. Moreover, maximal liver function capacity does not correlate with the extent of
FALD severity evaluated by sonography or laboratory analysis. Thus, the development
and progression of FALD in Fontan patients is not a uniform process and diagnostics of
chronic hepatic injury during follow-up should encompass various modalities.

Keywords: Fontan-associated liver disease, enzymatic liver function, hepatic assessment, second-organ

dysfunction, Fontan failure

INTRODUCTION

Over the past decades, survival of Fontan-palliated patients
significantly improved with the majority of patients now reaching
adulthood (1, 2). Nevertheless, the unphysiological Fontan
circulation leads to progressive end-organ damage in the long-
term (3-5). Fontan-associated liver disease (FALD) is the most
common end-organ dysfunction and affects up to 70-80% of
the adult Fontan population (5, 6). FALD manifestations vary
from slightly elevated serum liver enzymes and mild hepatic
parenchymal changes to end-stage liver cirrhosis (5, 6). The
clinical significance of FALD is incompletely understood, and its
diverse manifestations need to be put into clinical context when
making therapeutic decisions. In a previous study, we proposed
a scoring system (FALD score) to grade FALD severity based on
a combination of laboratory parameters, hepatic ultrasound and
transient elastography (TE). Our results revealed that the FALD
score significantly correlated with Fontan hemodynamics and
reliably discriminated between patients with and without Fontan
failure (7). Liver-associated morbidity and mortality are well-
described in the adult Fontan population and constitute major
risk factors limiting survival after cardiac transplantation (8, 9).
Therefore, reliable diagnostic modalities are indispensable to
monitor hepatic end-organ damage and to determine the optimal
timing for cardiac transplantation.

Since conventional liver function tests are often insensitive
indicators of early disease stages, Stockmann et al. introduced the
liver maximum capacity test (LiIMAX®)) for exact determination
of quantitative enzymatic liver function and prediction of
outcome after hepatectomy (10). The test is based on the
enzymatic function of the cytochrome P4501A2 (CYP1A2)
system, which is exclusively expressed in hepatocytes and
is proportional to the hepatic parenchymal volume (10).
As methacetin is exclusively metabolized by CYP1A2,
the intravenous administration of !'3C-methacetin and the
continuous real-time breath analysis of exhaled '*CO, provides
an exact quantification of maximal liver capacity.

The aims of this study were to determine maximal liver
function capacity with the LiIMAx® test in adult Fontan

patients, in comparison to the results of other hepatic diagnostic
modalities and to analyze its relationship with the severity
of FALD.

METHODS
Study Design and Patients

From 2019 to 2021 we performed a cross-sectional observational
study including 39 adult Fontan patients, who successively
presented in our outpatient clinic for follow-up and received
measurement of maximal liver function capacity using the
LiIMAX® test. Exclusion criteria consisted of patient age
< 18 years and/or intolerance to paracetamol or methacetin. The
study was approved by the institutional review board and ethics
committee (decision number: EA2/127/18). Informed written
consent was obtained from all individual participants prior
to inclusion.

FALD Diagnostics

Our institutional protocol and diagnostic algorithm for hepatic
assessment of Fontan palliated patients has previously been
described in detail and consists of laboratory analyses, hepatic
ultrasound and liver stiffness measurement by TE (5). The
laboratory parameters alanine-aminotransferase (ALT), vy-
glutamyltransferase (yGT), total bilirubin, o,-macroglobulin,
apolipoprotein A; and haptoglobin were required to calculate
a biomarker fibrosis score with FibroTest®). FibroTest®
was computed on Biopredictive website (Paris, France;
www.biopredictive.com). The calculated Fibrotest® score
was converted into liver fibrosis stages according to METAVIR
histological classification for liver biopsies (11). The calculation
of the FALD score has previously been described in detail (7).
Briefly, scoring points assigned for each hepatic abnormality
detected in the diagnostics mentioned above were summed
up for the final FALD score (7). In addition, patients received
a standardized LIMAX® test as described by Stockmann et
al. (10). Briefly, after 4h of fasting, patients were placed in a
resting horizontal position. Ten minutes prior to the injection of
13C-methacetin, the baseline 3C0O,/!2CO, ratio was recorded.
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A solution of 2 mg/kg body weight '3C-labeled methacetin
was intravenously injected as a bolus over a maximum of
30s followed by 20mL 0.9% sodium chloride solution. '*C-
methacetin is metabolized by the hepatozyte-specific CYP1A2
system into paracetamol and 13C0,, which is exhaled and
measured in expired air (Supplementary Figurel). Each
LiMAX(®) test analyzed 46 breath samples per patient and the
result is given in pg/kg*h (Supplementary Figure 2).

STATISTICAL ANALYSIS

Data were obtained from medical records of the German Heart
Centre Berlin. Patients’ characteristics were expressed as median
and interquartile range [IQR]. Fontan follow-up duration was
defined as the interval between Fontan operation and last follow-
up. Correlations between maximum liver capacity and laboratory
parameters, TE, the number of hepatic abnormalities detected by
ultrasound and the FALD score were assessed using Spearman’s
correlation. Associations between FALD severity graded as mild,
moderate, and severe and maximal liver function capacity was
analyzed using Kuskal Wallis and Wilcoxon tests as appropriate.
Statistical analyses were performed using SPSS statistical software
(version 23, IBM Corp., NY, USA). A p < 0.05 was considered
statistically significant.

RESULTS

Patient characteristics of the entire cohort are listed in Table 1.
Median patient age was 29.4 years [IQR 23.4, 37.4] and
median follow-up after Fontan operation 23.9 years [IQR 17.8,
26.4]. The most common underlying cardiac morphologies
were tricuspid atresia (n = 10), double inlet left ventricle
(n = 11) and unbalanced atrioventricular septal defect (n =
3). Fontan modifications included extracardiac conduit in 13
patients, lateral tunnel in 16 patients and atriopulmonary/
atrioventricular connection (APC/AVC) or other modifications
in 10 patients. Systolic ventricular function was normal or mildly
impaired in the majority of the cohort (n = 33). Atrioventricular
valve regurgitation was classified as absent or mild in 30
patients, moderate in 8 patients and severe in 1 patient. In 4
patients cardiac transplantation was performed, 2 patients died
after transplantation. In addition, 1 patient died on mechanic
circulatory support prior to cardiac transplantation.

Hepatic Assessment

Results from laboratory analysis, TE, hepatic ultrasound and
the LIMAX®) test are reported in Table 2. According to age-
adjusted institutional reference values, ALT was elevated in 6
patients, aspartate aminotransferase (AST) in 7 patients, YGT
in 31 patients and bilirubin in 13 patients. Thrombocytopenia
was found in 12 patients. Median Fibrotest® fibrosis score
was 0.6 [IQR 0.4, 0.6]. Referring to Fibrotest® calculation,
fibrosis was staged F2 in the majority of our patients (n = 12;
Table 2). Ultrasound revealed hepatic parenchymal changes in
all patients (Table 2). The most common ultrasound findings
were heterogeneous echotexture (n = 35), liver vein dilatation
(n = 31), altered liver vein morphology (n = 25) and segmental

TABLE 1 | Patient characteristics.

Patient age (years) 29.4 [23.4;37.4]
Age at Fontan operation (years) 6.5 [3.5;12.9]
Follow-up after Fontan (years) 23.9[17.8;26.4]
Cardiac anatomy

Double inlet left ventricle 11 (28.2%)
Tricuspid atresia 10 (25.6%)
Unbalanced AVSD 3 (25.6%)
Complex TGA 3 (25.6%)
Hypoplastic left heart syndrome 2(5.1%)
Other 10 (15.5%)
Left ventricular morphology 27 (69.2%)
Fontan type

Intracardiac TCPC 16 (41.7%)
Extracardiac TCPC 13 (33.3%)
APC/AVC/other 10 (30.3%)
Impairment of systolic ventricular function

None 12 (30.8%)
Mild 21 (53.8%)
Moderate 5(12.8%)
Severe 1(2.6%)
Atrioventricular valve insufficiency

None 13 (33.3%)
Mild 17 (43.6%)
Moderate 8 (20.5%)
Severe 1(2.6%)

Data are presented as median [IQR] or frequencies (%).

APC, Atriopulmonary connection; AVC, Atrioventricular connection; AVSD, Atrioventricular
septal defect; IQR, interquartile range; TCPC, total cavopulmonary connection; TGA,
Transposition of great arteries.

hypertrophy or atrophy (n = 11). Hyperechogenic lesions were
present in 7 patients. In 7 patients, sonographic signs of liver
cirrhosis were detectable. Median TE values were 20.0 kPA [IQR
15.0, 34.3]. FALD was graded as mild in 6, moderate in 11 and
severe in 22 patients based on the FALD score (7).

Median maximal liver function capacity was 350.0 pg/kg*h
[IQR 288.0; 470.0] corresponding to a normal hepatic function
(> 315 pg/kg/h) based on previously published normative values
(12).1In 11 patients, a moderate hepatic impairment was detected
(140-314 pg/kg*h), while none had severely impaired maximal
liver function capacity (< 139 wg/kg*h). As shown in Figure 1,
hepatic function as assessed by LiMax® tended to decrease
with a longer follow-up after Fontan operation (r* = —0.333,
p = 0.038). A significant correlation between maximal liver
function capacity and the laboratory parameters bilirubin (r*
= —0.421, p = 0.009) and yGT (r¥* = —0.367; p = 0.021)
was detected. However, no significant correlations were found
between maximal liver function capacity and Fibrotest(®) fibrosis
score (r* = —0.335, p = 0.052), TE (r* = —0.151, p = 0.388) or the
number of hepatic abnormalities detected by liver ultrasound (+*
= —0.204, p = 0.24). Seven of thirty-nine patients were diagnosed
with liver cirrhosis based on sonography, in these patients
maximal liver function capacity was significantly reduced as
compared to patients without liver cirrhosis (274.5 pwg/kg*h [IQR
216.3; 346.0] vs. 384.0 pg/h*kg [IQR 320.0; 497.5], p = 0.025).
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TABLE 2 | Hepatic assessment.

Median [IQR] Outside RR/N (%)
Laboratory parameters
ALT (U/) 30.0 [25.0; 38.0] 6/39 (15.4%)
AST (U/)) 30.0 [26.0; 34.0] 7/39 (17.9%)
yGT (U/)) 87.0 [54.0; 125.0] 31/39 (79.5%)
Total bilirubin (mg/dl) 0.9[0.7; 1.6] 13/39 (33.3%)
Thrombocytes (K/jl) 159.0 [137.0; 211.0] 12/39 (30.8%)
Fibrotest® 0.6 [0.4;0.7]
FO 4/34 (11.8%)
F1 6/34 (17.6%)
F2 12/34 (35.3%)
F3 8/34 (23.5%)
F4 8/34 (23.5%)
TE (kPa) 20.0[15.0; 34.3]
< 21.2 kPa 18/34 (52.9%)
21.3-27.6 2/34 (5.9%)
27.7-35.7 8/34 (23.5%)
> 35.8 kPa 7/34 (20.6%)
Hepatic ultrasound findings
Hepatomegaly 9/35 (25.7%)
Splenomegaly 9/35 (25.7%)
Heterogeneous liver parenchyma 35/35 (100.0%)
Segmental atrophy/hypertrophy 11/35 (31.4%)
Hepatic vein dilatation 31/35 (88.6%)
Abnormal hepatic vein architecture 35/35 (100.0%)
Hyperechogenic lesions 7/35 (20.0%)
Surface nodularity 7/35 (20.0%)
Ascites 4/35 (11.4%)
FALD score/ FALD severity 6.0 [5, 8]

Mild

Moderate

Severe

Maximal liver function capacity
LiMax® test (ng/kg*h)

Hepatic metabolic impairment
None (> 315 pg/kg*h)

Moderate (140-315 png/kg*h)
Severe (0-139 ng/kg*h)

350.0 [288.0; 470.0]

6/39 (15.4%)
11/39 (28.2%)
22/39 (56.5%)

28/39 (71.8%)
11/39 (28.2%)
0/39 (0.0%)

Data are presented as median [IQR] or frequencies (%).

AST, Aspartate aminotransferase; ALT, Alanine aminotransferase; yGT, y-Glutamyl-
aminotransferase; IQR, interquartile range; kPa, Kilopascal, RR, reference range; TE,
Transient elastography.

No correlation was observed between maximal liver function
capacity and the FALD score (r* = —0.237; p = 0.152). Also,
maximal liver function capacity did not differ significantly
between varying degrees of FALD severity (p = 0.936; Figure 2).

DISCUSSION

Fontan-associated liver disease (FALD) encompasses all
abnormalities in liver structure and function which are associated
with the unphysiological Fontan circulation (3-6). Affecting up
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FIGURE 1 | Correlation between the follow-up time after Fontan operation and
maximal liver function capacity (n = 39).
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FIGURE 2 | Boxplots depict maximal liver function capacity according to the
classification of FALD severity [absent/ mild (n = 6), moderate (n = 11), severe
(n =22)].

to 80% of the Fontan population, it is the most common second-
organ disease (7-9). Various studies focused on the detection and
monitoring of FALD, but its clinical significance and importance
for therapeutic decision-making remains unclear. The LIMAX(®)
test was successfully evaluated in several clinical settings such
as hepatic surgery, hepatic transplantation, sepsis, and hepatic
cirrhosis (10, 12-15). To the best of our knowledge, we herein
provide the first results on maximal liver function capacity
measured by LIMAX®) in Fontan patients in comparison with
other diagnostic modalities and FALD severity. Of note, maximal
liver function capacity was normal in the majority of our patients
although more than half of our cohort had FALD graded as
severe. In addition, no clear correlation of maximal liver function
capacity with TE and sonographic hepatic abnormalities was
detected. We only found a relationship between the laboratory
parameters bilirubin and yGT and LIMAX®) values. An increase
of laboratory parameters associated with cholestasis is the most
common abnormality in Fontan patients as well as in patients
with congestive hepatopathy (16). The degree of cholestasis is
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known to be related to increases in right atrial pressure and to
the severity of tricuspid valve regurgitation in patients with right
heart failure (17, 18). The underlying mechanism is supposed
to be the compression of bile canaliculi and small ductules by
centrally congested sinusoids (16). Additionally, diminished
cardiac output results in reduced vascular supply and increased
oxidative stress leading to necrosis of centrilobular hepatocytes
and ischemic damage of the intrasinusoidal endothelium (16),
which might not only be detected by increased indicators of
cholestasis but also by reduced maximal liver function capacity.

The major finding of our study is the missing correlation
between FALD severity and maximal liver capacity measured
by the LiIMAX® test. This important result suggests that
the progress of hepatocyte-specific damage is decelerated and
enzymatic liver function remains preserved for a considerably
long time in the majority of patients during the morphologic
development and progression of FALD. This finding may have
important implications for the routine hepatic follow-up of
Fontan patients and for the evaluation of failing Fontan patients
for cardiac transplantation. Assessing maximal liver function
capacity may help to identify failing Fontan patients that require
a combined cardiac and liver transplantation. In line with these
findings, we previously reported remarkable hepatic remodeling
in a patient with normalization of hepatic stiffness values and
regression of sonographic signs of hepatic cirrhosis after cardiac
transplantation (7). This observation underlines that certain
FALD-specific abnormalities are potentially reversible, which
might be explained by the missing or slow progression of
hepatic injury revealed by our measurements of maximal liver
function capacity.

Maximal Liver Function Capacity and

Evaluation for Cardiac Transplantation

Cardiac transplantation is currently the only remaining
treatment option for patients with refractory Fontan failure
since effective evidence-based medical heart failure therapies are
virtually non-existent, and mechanic circulatory support is not
well-established in Fontan-palliated patients (19, 20). However,
cardiac transplantation remains a high risk surgical procedure
in the adult Fontan population and hepatic end-organ damage
contributes to post-transplant morbidity and mortality (8, 9).
Moreover, no guidelines exist for the optimal timing for cardiac
transplantation in Fontan patients which may result in a delayed
listing for transplantation with already advanced second-organ
damage that may negatively impact transplantation outcome.
In our cohort, maximal liver function capacity was significantly
reduced in patients listed or evaluated for listing for cardiac
transplantation (n = 4) compared to the remaining cohort
(288.0 pg/kg*h [IQR 182.8, 331.5] vs. 361.0 pg/kg*h [IQR
302.5, 454.5], p = 0.035). This observation suggests that FALD
was rather progressed in these patients, already resulting in
functional impairment of the liver which in turn might indicate
that listing for cardiac transplantation needs to be considered
early. In a previous study, we emphasized on the importance
of FALD monitoring to determine the optimal timing for
cardiac transplantation and proposed the FALD score as a tool

to grade FALD severity and facilitate surveillance of FALD
progression (7). The LIMAx(®) test may represent a valuable
complementary additional diagnostic modality in the hepatic
assessment of Fontan patients since it provides a reproducible
quantitative measurement of enzymatic hepatocyte function.
Since a deterioration of maximal liver function capacity seems
to occur relatively late during the disease course, its occurrence
should trigger an evaluation for cardiac transplantation.

CONCLUSION

We herein demonstrate that maximal liver function capacity as
measured by the LIMAX® test is generally well-preserved in
Fontan patients despite morphologic evidence of advanced
FALD. Our findings suggest that the development and
progression of FALD is not a uniform process and diagnostics of
chronic hepatic injury during follow-up after Fontan operation
should encompass various modalities. Specifically, morphologic
changes as detected by ultrasound and/or TE seem to precede
functional impairment as evidenced by preserved hepatic
function in several patients with significant structural anomalies.

Limitations

There are several limitations to this study. This is a cross-
sectional single center trial with a comparably small patient
cohort. Future studies, preferably in a multi-institutional setting,
are necessary to comprehensively evaluate the assessment of
hepatic function in Fontan palliated patients. Methacetin is only
approved in adult patients, therefore pediatric patients could
not be included in this study. After intravenous injection *C
methacetin undergoes a hepatic microsomal deacylation into
paracetamol and '*CO,, which is transported to the lung as
bicarbonate, Inter - and intraindividual bicarbonate kinetics
might influence the respiratory '*CO, excretion by delayed
liberation of transiently trapped '3CO,. Moreover, although
our results suggests an earlier appearance of morphologic
changes as compared to functional impairments the temporal
relationships of FALD progression and changes of maximal liver
function capacity cannot be determined by our cross-sectional
study design and requires longitudinal studies. Additional
diagnostic modalities such as histological analyses from biopsies
or hepatic magnetic resonance imaging were not included in
our routine hepatic assessment and the relationship between
Fontan hemodynamics and hepatic function was not addressed
in this study and needs to be evaluated in the future. The FALD
score and gradation of FALD severity have not been evaluated or
validated in large patient cohorts or multicenter settings.
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