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BACKGROUND: Data are rare about the incidence of severe Fontan-associated liver disease (FALD) and its association with
mortality. We sought to: (1) estimate the probability of developing severe FALD in patients who undergo the Fontan procedure
(Fontan patients), compared with severe liver complications in patients with a ventricular septal defect; (2) assess the severe
FALD-mortality association; and (3) identify risk factors for developing severe FALD.

METHODS AND RESULTS: Using the Quebec Congenital Heart Disease database, a total of 512 Fontan patients and 10232 pa-
tients with a ventricular septal defect were identified. Kaplan-Meier curves demonstrated significantly higher cumulative risk of
severe FALD in Fontan patients (11.95% and 52.24% at 10 and 35years, respectively), than the risk of severe liver complica-
tions in patients with a ventricular septal defect (0.50% and 2.75%, respectively). At 5years, the cumulative risk of death was
12.60% in patients with severe FALD versus 3.70% in Fontan patients without FALD (log-rank P=0.0171). Cox proportional
hazard models identified significant associations between the development of severe FALD and congestive heart failure and
supraventricular tachycardia, with hazard ratios (HRs) of 2.36 (95% CI, 1.38-4.02) and 2.45 (95% Cl, 1.37-4.39), respectively.
More recent Fontan completion was related to reduced risks of severe FALD, with an HR of 0.95 (95% Cl, 0.93-0.97) for each
more recent year.

CONCLUSIONS: This large-scale population-based study documents that severe FALD in Fontan patients was associated with a
>3-fold increase in mortality. The risk of FALD is time-dependent and can reach >50% by 35years after the Fontan operation.
Conditions promoting poor Fontan hemodynamics were associated with severe FALD development.
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See Editorial by Haeffele and McElhinney.

from the Fontan operation.* The cause of FALD re-
mains hitherto a clinical dilemma. Nonetheless, most
revisions point to a multifactorial cause.®

Liver fibrosis appears to be universal in patients
who undergo the Fontan procedure (Fontan patients),
but the clinical significance of this fibrosis is yet to be

gery has improved the survival of patients with
single-ventricle physiology worldwide, with 20- and
30-year survival rates of 61%, and 43%, respectively.'
However, this unique physiological and anatomic config-
uration leads to an increased risk of extracardiac com-

Since its introduction in 1968, Fontan palliation sur-

plications related mainly to passive flow and low cardiac
output.®

Fontan-associated liver disease (FALD) is one of
the most prevalent extracardiac complications derived

established.® Definition, diagnosis, and classification of
this complication are subjects of continuous debate.*®

FALD by itself is thought to be associated with
increased morbidity. A cohort of 60 Fontan patients
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CLINICAL PERSPECTIVE
What Is New?

Hospitalization  attributable  to  Fontan-
associated liver disease (FALD) is frequent
after Fontan operation; at 10 and 35years after
Fontan completion, the cumulative incidence
of FALD hospitalization reaches 12% and 50%,
respectively.

e Severe FALD is associated with a 3-fold in-
crease in mortality risk among patients who un-
dergo the Fontan procedure.

e Factors associated with the development of se-
vere FALD include heart failure and supraven-
tricular arrhythmias.

What Are the Clinical Implications?

e Protocols for FALD surveillance are suggested
to enable early detection and treatment of se-
vere FALD and are expected to be helpful in de-
creasing the medical burden of FALD.

e Better understanding of Fontan circulation is
needed to inform the mechanism that may lead
to reduction in the frequency of severe FALD
development and suggest effective prevention
and treatment.

Nonstandard Abbreviations and Acronyms

FALD Fontan-associated liver disease

reported a 22% incidence of adverse hepatic-related
outcomes, with a mean interval of 18+5years since
Fontan completion. However, this trial does not have
sufficient statistical power to link FALD with mortality,
nor was it able to evaluate which risk factors are as-
sociated with clinically overt FALD.” Notwithstanding
increased awareness and detection, the burden of
FALD and its relationship to mortality has not been de-
termined to date.

We hypothesized that severe FALD is related to in-
creased mortality in patients after Fontan operation.
Our objectives were 3-fold: to estimate the incidence of
severe FALD, to assess its association with mortality,
and to identify post-Fontan risk factors for developing
severe FALD.

METHODS

The authors declare that all supporting data are avail-
able within the article (and its online supplementary
files). The data will not be made available to other
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researchers for purposes of reproducing the results
or replicating the procedure because of confidential-
ity agreements governed by Regie de I'’Assurance
Maladie du Quebec. Our administrative database has
scrambled identifications and prevents the necessity
for informed consent.

Data Source

In Quebec, Canada, all residents are assigned a
unique health care number from birth. The Quebec
congenital heart disease (CHD) database was cre-
ated by merging 3 administrative databases: the ad-
ministrative medical claims database, the provincial
hospital discharge summary database, and the death
registry.® The Quebec CHD database contains lon-
gitudinal, demographic, diagnostic, and therapeutic
records of all Quebec residents with CHD.8° The data-
base is composed of 132071 patients with CHD with
up to 35years of follow-up (from January 1, 1983, to
December 31, 2017). This study was approved by the
McGill University Health Centre ethics board. Given
our data source is an administrative database that
covers the entire province of Quebec, loss of follow-up
happens in our study only if patients moved out of the
province. Public data show that the emigration rate of
Quebec is as low as 0.15% per year. It is thus reason-
able to assume that loss of follow-up is not an issue in
our study that could detriment the internal and external
validity of our study findings.®

Study Design and Population

Retrospective cohort studies were adopted for all 3
study objectives. Using the Quebec CHD database,
a cohort of Fontan patients was assembled, including
patients who had a history of Fontan operation de-
fined by procedural codes that were available for all
patients in the database. Patients were excluded if they
died within 30days after Fontan completion as death
in these cases was most likely attributed to surgical
mortality. To evaluate the association between Fontan
and the incidence of severe FALD, we used patients
with ventricular septal defects (VSDs) as the control
group, as previously described,'® because there is no
known association between VSD and liver disease. For
each Fontan patient, a total of 20 patients with VSD
were randomly selected and matched on age, sex,
and surgery calendar time, using the date of Fontan
completion as the index date. We thus established a
retrospective longitudinal cohort of Fontan patients
and patients with VSD, referred to as the Fontan-VSD
cohort. This cohort was used to estimate and compare
the incidence of severe FALD in Fontan patients and
severe liver complications in patients with VSD, for the
purpose of assessing the extra burden of severe liver
complication in Fontan patients compared with general



Guerrero-Chalela et al

patient population with CHD. Severe FALD and severe
liver complications were defined as having a hospitali-
zation attributable to liver disease using International
Classification of Diseases, Ninth Revision (ICD-9), and
International Classification of Diseases, Tenth Revision
(ICD-10), codes (Tables S1 and S2). Thus, our definition
of FALD is a genuinely significant form of liver disease.
To assess the association between severe FALD and
mortality, each Fontan patient with severe FALD was
matched with 2 Fontan patients who did not have se-
vere FALD on a propensity score that was calculated
using sex, age at Fontan, calendar year of Fontan, and
diagnosis of atrial fibrillation, congestive heart failure
(CHF), heart block, pulmonary hypertension, arterial
hypertension, acute renal failure, supraventricular tach-
ycardia, and protein-losing enteropathy (see Table S3
for the ICD-9/ICD-10 codes for identification). By ad-
justing these factors using propensity score matching,
the 2 groups with and without FALD were made alike in
the probability of developing FALD, except the true oc-
currence of FALD, thus to reduce confounding for as-
sessing the association between FALD and mortality.
In addition, using propensity score matching enables
the calculation of absolute risk of mortality associated
to FALD by means of Kaplan-Meier curve analysis,
with adjustment for selected sociodemographics and
comorbidities. For each patient, the propensity score
of developing FALD was calculated using a binary lo-
gistic regression model including the aforementioned
11 sociodemographics and comorbidities (Figure S1).
Nearest neighbor matching was used to select the pa-
tients with the closest propensity scores to comprise
the matching sets. However, if the closest propensity
score for a patient with FALD was >0.2 SDs away, the
patient was dropped from the analysis. The index date
(time 0) for matching was defined as the first hospitali-
zation date of the patient with severe FALD. For each
matching set, the follow-up time was also matched
between the patients with and without severe FALD
by taking the shortest duration of the 3 patients in the
matching set.

The Fontan cohort was used for identifying risk fac-
tors of FALD development. To fully account for the tem-
poral relationship between risk factors and outcomes,
we defined risk factors in the time intervals preceding
the diagnosis of the outcomes. Thus, comorbidities,
such as CHF, that were diagnosed during the same
hospitalization with FALD were not considered.

The time-dependent comorbidities were defined by
ICD-9 and ICD-10 codes from hospitalization records
between the time of the Fontan operation and the end
of follow-up. For each patient, the end of follow-up was
the time of first FALD diagnosis, death, or the end of
the database observation, whichever comes early. The
Fontan patients were coded as comorbidity free until
they received the first diagnosis of the comorbidities.
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For example, if a patient has a diagnosis of atrial fibril-
lation in the first year after Fontan operation, his/her
atrial fibrillation coding will be O (absent) before the time
of the atrial fibrillation diagnosis and 1 (presence) since
this time point. In addition, we only counted incident
comorbidities, excluding those comorbidities that hap-
pened before Fontan completion. This is based on the
presumption that the completion of the Fontan path-
way will correct some, if not all, derived complications
of native single-ventricle physiology.

Statistical Analysis

Estimation of Severe Liver Complications in the
Fontan-VSD Cohort

Descriptive statistics include frequencies, percentage,
and interquartile ranges. Kaplan-Meier curve analy-
sis was used to illustrate the cumulative probability of
severe FALD with log-rank test for assessing group
differences.

Association Between Severe FALD and Mortality

The survival probabilities for patients with severe FALD
and propensity score-matched non-FALD patients
were estimated using Kaplan-Meier curves and com-
pared with the log-rank test. The hazard ratio (HR) for
the association between an incident of severe FALD
and mortality was estimated using a Cox proportional
hazard model stratified on the matched sets.

Predictors of Severe FALD

In addition to the year of Fontan operation, a group of
8 known comorbidities associated with poor Fontan
hemodynamics and outcomes (Table) were consid-
ered as potential predictors of severe FALD. These
comorbidities were identified from an in-depth litera-
ture review for potential predictors of FALD.?"19-4 To
consider the fact that these comorbidities started at
different times after Fontan operation, we described
their incidence using time intervals. Specifically, the fol-
lowing time intervals after Fontan operation were used
for calculating their incidence: <1, 1to 3, 3to 5, 5 to 10,
and >10years. In the Cox proportional hazard model
for assessing the significant predictors of severe FALD,
the comorbidities were coded as time-varying vari-
ables. HRs and 95% Cls were reported for the effects
of the potential predictors.

Analyses were conducted using SAS statistical
software version 9.4 (SAS Institute, Cary, NC).

RESULTS

The Fontan cohort included 512 patients matched to
a total of 10232 patients with VSDs (Figure 1). The
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Table.
Survived 30Days After Fontan

Severe FALD and Its Association With Mortality

Incidence of Selected Comorbidities Among Patients <60Years Who Underwent the Fontan Procedure and Who

Post-Fontan, y
Comorbidity <1(N=98) 1-3 (N=92) 3-5 (N=76) 5-10 (N=65) >10 (N=50)
FALD*
CHF 5(5.1) 6 (6.5) 4 (5.3) 4(6.2) 7 (14.0)
AF 2 (2.0 0 4 (5.3) 9(13.8) 16 (32.0)
Pulmonary hypertension 1(1.0) 0 2 (2.6) 1(1.5) 3(6.0)
Heart block 1(1.0) 1(1.1) 1(1.3) 3(4.6) 6 (12.0)
Atrial hypertension 3(3.1) 2(2.2) 2 (2.6) 1(1.5) 4(8.0)
Acute renal failure 1(1.0) 1(1.1) 4 (5.3) 1(1.5) 5(10.0)
Supraventricular tachycardia 0 3 (3.3 2(2.6) 2 (3.1) 13 (26.0)
Protein-losing enteropathy 3(3.1) 2(2.2) 2(2.6) 1(1.5) 3 (6.0
Comorbidity <1(N=414) 1-3(N=372) 3-5(N=324) 5-10(N=297) >10(N=238)
FALD-
CHF 19 (4.6) 14 (3.8) 11 (3.4) 13 (4.3 16 (6.7)
AF 4(1.0) 9(2.4) 8 (2.5) 13 (4.3 31 (13.0)
Pulmonary hypertension 8 (1.9 7 (1.9 5(1.5) 2(0.7) 2(0.8)
Heart block 5(1.2) 6 (1.6) 4(1.2) 4(1.4) 7(2.9
Atrial hypertension 5(1.2) 4(1.1) 6 (1.8) 5(1.7) 9(3.8)
Acute renal failure 4(1.0) 4(1.1) 4(1.2) 8(2.8) 6 (2.5)
Supraventricular tachycardia 5(1.2) 3(0.8) 6(1.8) 8(2.8) 24 (10.1)
Protein-losing enteropathy 3(0.7) 2(0.5) 3(0.9 5(1.7) 0

Data are given as number (percentage) of each group. AF indicates atrial fibrillation; CHF, congestive heart failure; FALD, Fontan-associated liver disease;

FALD-, patients without FALD; and FALD+, patients with FALD.

median follow-up time was 12.40years (interquartile
range, 3.80-19.70years).

A total of 98 (19.14%) Fontan patients developed
severe FALD versus 78 (0.76%) patients with severe
liver complications in the VSD group (P<0.0001). In the
Fontan cohort, the cumulative risk of developing se-
vere FALD started soon after Fontan completion and
continued to increase throughout the entire follow-up
period up to 35years after Fontan. It reached 11.95%
and 52.24% at 10 and 35years, respectively, com-
pared with 0.50% and 2.75%, respectively, for the VSD
group (log-rank P<0.0001) (Figure 2).

Association Between Severe FALD and
Mortality Among Fontan Patients
Among the 512 Fontan patients, 52 died during the study
observation period. Of the 52 deaths, 27% happened
within 6 months with another 10% that happened be-
tween 6 months and 1 year after Fontan operation. Of the
deaths, 31%, 15%, and 17% happened 1 to 5, 5 to 10,
and >10years after Fontan operation, respectively. The
cumulative mortality risks were ~8%, 10%, and 13% by
5, 10, and 20years of follow-up, respectively (Figure S2).
The median age at the first hospitalization for severe
FALD was 15.31 (interquartile range, 4.83-23.29) years in
the Fontan group. Among the 98 patients who developed
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severe FALD, 17 were removed because of no available
propensity score—matching controls. The rest of 81 Fontan
patients with severe FALD were matched to 147 Fontan
patients without severe FALD. Kaplan-Meier curve analy-
ses showed a 5-year mortality rate of 12.60% in patients
with severe FALD versus 3.70% in patients without FALD
(log-rank P=0.0171) (Figure 3). In the Cox proportional haz-
ard model, mortality risk in the severe FALD group was 3.4
times higher than that in Fontan patients without severe
FALD (HR, 3.38 [95% ClI, 1.14-9.99]; P=0.0275).

Risk Factors for Developing Severe FALD
The Table shows the incidence of the comorbidities a
priori selected as potential predictors for developing se-
vere FALD at varying time intervals after Fontan proce-
dures. At 10years or beyond after the Fontan operation,
comorbidities with the highest incidence in the severe
FALD group were CHF (14.0%), atrial fibrillation (32.0%),
supraventricular tachycardia (26.0%), and heart block
(12.0%). Fontan patients without severe FALD had a
lower incidence of cardiovascular comorbidities, with
CHF present in 6.7%, atrial fibrillation present in 13.0%,
supraventricular tachycardia present in 10.1%, and
heart block present in 2.90% of patients (Table).

The Cox proportional hazard model showed that
both CHF and supraventricular tachycardia were
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QC CHD Database
1983 to 2017
N=132071

Patients with Fontan procedure
N=677

Age at Fontan>60
Died<30 days post Fontan
N=165

Patients with Fontan
procedure
N=512

Patients without Fontan procedure
N=131 394

1:20 matched cohort’
N=10,744 ]

Isolated VSD

(Fontan cases=512, N=19247

VSD controls=10 232)

1:2 PS matched cohort$
N=228

Fontan cohort for Cox regression
with time-dependent covariates

(FALD cases=81,

Non-FALD controls=147) N=512

Figure 1. Population derivation flowchart.

§Propensity score matching (PS) takes sex, age at Fontan, year of Fontan, atrial fibrillation, stroke, congestive heart failure, heart block,
ventricular arrhythmia, pulmonary hypertension, and arterial hypertension into account. Fontan-associated liver disease (FALD) cases
and non-FALD controls were matched at the time of the first FALD diagnosis. CHD indicates congenital heart disease; QC, Quebec;

and VSD, ventricular septal defect.

independently associated with the development of se-
vere FALD, with HRs of 2.36 (95% ClI, 1.38-4.02) and
2.45 (95% Cl, 1.37-4.39), respectively (Figure 4). Given
the same length of follow-up and same incidence of
cardiovascular comorbidities including heart failure
and supraventricular tachycardia, patients who had
the Fontan operation at an earlier era had higher risk of
developing FALD than those who had the operation in
more recent years, with an HR of 0.95 (95% ClI, 0.93-
0.97) for each 1-year increment.

DISCUSSION

This is a large-scale population-based study that as-
sessed the incidence of FALD, its association with
mortality, and the risk factors of developing severe
FALD. The study reports that the cumulative risk of
developing severe FALD was 11.95% and 52.24% at

10 and 35years after Fontan operation, respectively.
Compared with Fontan patients without severe FALD,
those with severe FALD had a 3.4-fold increase in mor-
tality risk. Among Fontan patients, heart failure and
supraventricular tachycardia were the 2 comorbidities
that were significantly associated with an increased
risk of severe FALD, supporting the notion that Fontan
physiology is associated with the complex interplay be-
tween extracardiac Fontan complications and Fontan
function. Moreover, the calendar year of Fontan opera-
tion completion was associated with severe FALD risk.
The later the Fontan operation in calendar years, the
smaller was the risk for severe FALD, with a 10% risk
reduction for each 1-year increment.

Incidence of Severe FALD

We used hospital discharge diagnoses attributable to
severe liver complications as the end point for FALD,

J Am Heart Assoc. 2023;12:e024034. DOI: 10.1161/JAHA.121.024034 5
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Figure 2. Risk of developing severe Fontan-associated liver disease (FALD)/severe liver
complications (SLCs) in matched Fontan vs ventricular septal defect (VSD) cohorts.

Ten-year cumulative risk of developing severe FALD/SLCs in patients who undergo the Fontan procedure
(Fontan patients) is 11.95%; and in patients with VSD, it is 0.50%. Long-term (35-year) cumulative risk of
developing severe FALD/SLCs in Fontan patients is 52.24%; and in patients with VSD, it is 2.75%. Log-

rank P<0.0001. FU indicates follow-up.

as they are more accurate than outpatient diagnoses.
Few studies have tried to associate FALD with clinically
significant advanced liver disease.”'® In a retrospective
cohort of 60 patients, Lindsay et al reported a 22%
incidence of adverse hepatic outcomes, with FALD
occurring at a mean of 18.5years of follow-up. Similar
to our definition of severe FALD, adverse hepatic out-
comes in the cohort of Lindsay et al were liver failure,
hepatorenal syndrome, and hepatic encephalopathy,
pointing to a clinically symptomatic synthetic hepatic

dysfunction.” Our findings exhibit a similar incidence of
severe FALD occurrence (19.14% at a mean of 12.40
[interquartile range, 3.80-19.70] years), with a constant
increase in the cumulative probability of severe FALD
over time, reflecting the ongoing process of liver dys-
function in the Fontan population.

Literature has not reached an agreement on the
definition of FALD. The diagnosis of FALD is based on
the interpretation of imaging and laboratory findings of
each Fontan patient, where the clinicians and treating

1.0 W——
‘1..;, RN H + # t i
= = ++ = -, -
= ) ;
Kol
2 08
[<]
o
®
2
% 0.6 LogRank P=0.0171
0.4
Non-FALD FALD
+ Censored
0 1 3 4 5
FU
FALD 81 67 53 48 43
Non-FALD 147 130 110 106 96 89

Figure 3. Comparison of survival probability in patients with severe Fontan-associated liver

disease (FALD) vs patients without severe FALD.

Cumulative risk of death is 12.62% in patients with severe FALD and 3.75% in patients without severe
FALD (non-FALD). Log-rank P=0.0171. Non-FALD indicates without severe FALD; and FU, follow-up.
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Year of Fontan
0.95(0.93, 0.97)

CV complications

CHF
2.36 (1.38, 4.02)

Supraventricular tachycardia
2.45(1.37, 4.39)

0.1

Predictors of FALD in Fontan patients

Hazard Ratio for predictors of FALD

1 10

(95% confidence interval)

Figure 4. Forest plot illustrating the identified risk factors of severe Fontan-
associated liver disease (FALD) in patients who undergo the Fontan procedure.
Results of Cox regression. (Comorbidities act as time-dependent variables.) CHF indicates
congestive heart failure; and CV, cardiovascular.

group reach an agreement on what to call FALD. In
this study, we focus on severe FALD, defined as a liver
complication that leads to hospitalization. We thus link
the diagnosis of FALD to what is clinically meaningful
in terms of health care use. Using the severe FALD di-
agnosis, our study observed an =~10% cumulative in-
cidence of severe FALD within 10years after Fontan
operation. This finding is consistent with previous work
on invasive hepatic screening in Fontan patients, which
showed that liver fibrosis was almost universal, with
1 of 4 Fontan patients having high-grade liver fibrosis
early after Fontan completion.®

Our definition of severe FALD vyielded similar results
in the incidence of FALD to what has been reported
in literature. In a recent study of 1260 Fontan patients
using imaging (mainly) and biopsy for FALD diagnosis,
54% were expected to be alive, free of liver cirrhosis
or hepatocellular carcinoma, at 30years after Fontan
completion.” This result is consistent with our findings
of a cumulative risk of 52.2% of severe FALD at 35years
after Fontan operation. However, variations in the inci-
dence of FALD were seen in many studies®”'57"" that
were at least partially attributable to the lack of a stan-
dardized definition and staging of FALD. Our definition
used ICD-9/ICD-10 codes for liver disease that are well
known and universal and vary less in time, as imaging
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surveillance for FALD is a tool introduced later in the
course of FALD surveillance (>2000s).'® We hope that
our carefully designed attempt in defining severe FALD
with an administrative database would promote efforts
in diagnosing and defining FALD, leading to a clear and
standard way to measure FALD.

There has been an increase in the frequency of
FALD over time. Figure S3 shows the frequency of se-
vere FALD hospitalizations in Quebec CHD database
increased from 2% in 1990 to 8% in 2017. The increase
might be partly attributable to the increased aware-
ness of FALD in recent years. It might also be related
to the aging of the Fontan patient population, enabled
by their prolonged survival.3'2

Our results support previous findings that FALD
may not be a silent bystander, but a progressive con-
dition that leads to significant hospitalizations and
complications in the long-term follow-up of Fontan
patients.>716:18

Viral diseases affecting the liver accounted for only
3% of the events in our study. The possible role of infec-
tious causes in the genesis of FALD remains unclear.
Indeed, viral hepatitis is not considered a driver of the
condition, but rather an associated hepatic insult that
may precipitate FALD.5'” On the basis of our findings,
viral hepatitis does not appear to be a preponderant
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factor in the genesis of severe FALD. Further anal-
yses are needed to understand the role of infectious
diseases affecting the liver and their association with
FALD genesis.

Severe FALD and Mortality

This study shows that the mortality risk in Fontan patients
with severe FALD is significantly higher than in Fontan
patients without FALD (HR, 3.38 [95% ClI, 1.14-9.99];
P=0.0275). In our cohort, mortality was seen early after
severe FALD, with a 12.6% mortality rate at Syears and
a median time between FALD and death of 0.48years
(interquartile range, 0.12-2.67years). Our findings are
consistent with what other studies have reported involv-
ing liver disease in Fontan patients. In a Japanese na-
tionwide survey, liver disease was the cause of death in
17.8% of Fontan patients during the study period.'”

The foremost cause of death is yet to be defined, as
the nature of our database prevents us from identify-
ing the precise end process leading to death. Further
analysis will be needed to clarify if gastrointestinal tract
bleeding, neoplastic disorder, CHF, or liver failure is the
leading cause for decreased survival in Fontan patients
with FALD.

Although some similar pathophysiological mecha-
nisms exist between FALD and congestive cirrhosis from
other forms of heart failure, the differences are import-
ant. Fontan patients have a unique physiological model
and disease trajectory. Moreover, little is known about
the impact that congestive cirrhosis has on patients
with chronic heart failure.'® Notwithstanding, in 22579
patients surviving orthotopic cardiac transplant, the pre-
dicted mortality was related to the Model for End-Stage
Liver Disease (MELD-XI|) score." In patients with a high
MELD-XI score (>16.4) in the early and late postoperatory
period, the 30-day, 1-year, and 5-year mortality hazard
ratios were 1.85, 1.76, and 1.42, respectively, when com-
pared with patients with lower MELD-XI scores (<10.5).
There was an absolute decrease of 8.20% in 5-year sur-
vival in the high MELD-XI score group compared with
the lower MELD-X| score group (78.2% versus 70.0%;
P<0.001). When compared with our results, we found
striking similarities, as appreciated in the Kaplan-Meier
curve analysis (Figure 3), which shows that mortality risk
started early and continued for 5years, with 3.4 times in-
crease in patients with severe FALD and an absolute in-
crease in mortality of 8.9% when compared with Fontan
patients without severe FALD."

Risk Factors for Severe FALD

Congestive heart failure was a risk factor for develop-
ing severe FALD. FALD severity categorized using an
imaging approach has been associated with impaired
Fontan hemodynamics, predominantly with increased
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hepatic wedge pressure and single-ventricle end-
diastolic pressure.'®

In a cohort of 261 Fontan patients, the hazard
for CHF-related death increased progressively after
10years post-Fontan.”? Increased Fontan pressure was
an independent predictor for CHF-related death and a
described risk factor for FALD development.*'2'® The
present analysis brings into a context that the develop-
ment of FALD is strongly associated with cardiovascu-
lar comorbidities, such as CHF/Fontan failure. Further
analyses are needed to evaluate the possible causality.

The relationship between severe FALD and supra-
ventricular tachycardia can be elucidated by the asso-
ciation between adequate Fontan function and regular
heart rhythm.'3" It is well recognized that tachyar-
rhythmias trigger Fontan failure, impair flow dynamics,
decrease cardiac output, and increase central venous
pressure, leading to further liver damage.'®'41°

The findings reported by a large-scale meta-
analysis of 5859 Fontan patients indicated an earliest
surgical era of Fontan completion was strongly related
to increased mortality.?® The present study identified
a recent calendar year of Fontan completion com-
pared with earlier years (<1990) as a protective factor
for severe FALD development. This protective effect
probably reflected the better understanding of single-
ventricle physiology and the evolution of surgical meth-
ods in recent era. For example, the instauration of the
lateral tunnel and extracardiac conduits has replaced
classic atriopulmonary connections as the main surgi-
cal approach, leading to better Fontan hemodynam-
ics.®141920 Fyture studies are needed to determine
how the native anatomy, cardiac function, and detailed
surgical interventions may impact FALD development
and subsequent mortality.

It is crucial to identify the natural history of FALD
as multiple reports have suggested that liver fibrosis is
almost universal after Fontan completion.® Further de-
tailed evaluations are needed to better understand the
nature of this condition with the purpose of reducing
the disease progression leading to severe FALD.

Limitations

This study used administrative databases in which
diagnoses could be misclassified because of coding
errors. We minimized the misclassification of CHD di-
agnoses by using all available data from the 3 provin-
cial databases. We further manually audited the CHD
diagnoses on random samples of 28% of subjects.®?’
Our analysis may result in a misclassification bias as
some severe FALD cases might occur undiagnosed
or be subclinical. We chose a hard outcome, such as
hospitalization, relying on discharge diagnoses known
also to be prone to misclassification, to define predic-
tor variables and FALD. Our database with 35years
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of follow-up, tracking health services, is well suited to
study severe FALD resulting in FALD hospitalizations.
We based our definition on established liver complica-
tions that we were able to identify in our data sources.
We defined severe FALD as having at least 1 hospi-
talization with any diagnosis of severe liver disease.
The constructed codes for our definition of FALD were
based on our clinical expertise and previous data on
congestive liver injury.'®2223 Moreover, our study design
was not intended to address the important pre-Fontan
clinical determinants of FALD. It was also not designed
to examine the importance of the hemodynamics of
the Fontan circulation, native patient anatomy, different
single-ventricle pathway palliation, systemic ventricle
dysfunction, or medication use. We used ICD-9/ICD-10
codes to define the comorbidities, as previously vali-
dated by our group in CHD®?" and by others.?* Future
studies with more granular preoperative hemodynam-
ics and anatomic data are needed to confirm the study
findings. Preoperative liver and cardiac function tests
are important baseline factors for assessing FALD
development and outcomes. As these data were not
available in our database, we could not include them
in our analyses. Although it would have been interest-
ing to assess specifically if death in Fontan patients is
relative to redo surgical interventions, heart transplant,
or heart-liver transplant, our study was not designed to
provide data on the specific cause of death in Fontan
patients. Death relative to redo interventions is a time-
dependent end point that requires weighted estimates
of predictors at various time windows. Limited by the
number of deaths at different time windows, despite
our large population-based sample, our study is not
sufficiently powered for this analysis. Moreover, our
study does not enable us to establish causal inference
about the time of onset and the cause and the duration
of liver dysfunction, nor do our findings explore the im-
pact of interventions that are important in guiding clini-
cal inquiry. Even so, we initiated the development of the
prediction model for FALD with available data sources.
Our use of the VSD group as a control group allows us
to establish a risk profile of one group compared with
another within the same population. Our application of
propensity score matching mitigates confounding as
much as possible with our data sources. Despite these
limitations, the internal validity of our findings relative
to our objectives has enabled us to provide first-time
estimates of the association between FALD and mor-
tality, its predictors, and cumulative incidence from a
matched population-based cohort analysis.

CONCLUSIONS

We observed that severe FALD may affect >50% of
Fontan patients at 30years of follow up. Our findings
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suggest that severe FALD in Fontan patients was as-
sociated with a >3-fold increase in mortality compared
with Fontan patients without severe FALD. Factors
associated with the development of severe FALD in-
cluded CHF and supraventricular arrhythmias. The
time course between cardiac deterioration and ad-
vanced hepatic disease needs to be better elucidated.
Clinical studies are needed to characterize the impact
of FALD on long-term Fontan trajectories.
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