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Fig. 2 Macroscopic appearance of the liver at au-
topsy
A: The liver specimen showed multiple nodules in
both lobes.
B: A large mass, 35x%5.0 cm, was observed in the
caudate lobe.
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Fig. 3 Histopathological findings of the caudate lobe
A: Vasculature was observed in the nodule, and the congestion in the nodule was milder
than that of the perinodular lesion.
B: The nodule was surrounded by fibrous septa. However, the fibrosis in the nodule was
milder than that in the perinodular lesion.
(Original magnification, X125, A: hematoxylin-eosin staining; B: Masson’s trichrome staining)
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A: Hepatic sinusoidal dilatation was observed.

B: The parenchymal cells did not display cellular or structural atypia.

C: Liver section showing mild hepatic fibrosis.

D: Fibrosis was observed in the pericellular area. The sinusoidal structure was maintained.
(A: original magnification, X100, hematoxylin-eosin staining; B: X200, hematoxylin-eosin
staining; C: X 100, Masson's trichrome staining; D: X 200, silver impregnation staining.)

Fig. 5 Histological findings of the perinodular lesion
A: Hepatic sinusoidal dilatation and severe hepatic congestion were observed.
B: Bridging fibrosis was observed in the liver section.
(A: original magnification, X200, hematoxylin-eosin staining; B: X 200, Masson’s trichrome
staining.)
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Fig. 6 Immunohistochemical staining for CD68 (A and B), CD34 (C and D) and Glypican-3
(E and F), showing the perinodular lesion (A, C and E) and nodule (B, D and F) in the

caudate lobe (original magnification, x 100)

A, B: CD68-positive cells were observed in both the perinodular lesion and nodule.
C: Only the blood vessels in the portal tracts and sinusoidal spaces were CD34-positive.
D: The sinusoidal spaces were CD34-positive, whereas the central sinusoidal spaces were

CD34-negative.

E, F: Negative staining of Glypican-3 in both the perinodular lesion and nodule.
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Table 1 Classification of Hepatocellular Nodules*

1. Regenerative lesions
1.1 Monoacinar regenerative nodule

1.1.1 Diffuse nodular hyperplasia without fibrous septa
(nodular regenerative hyperplasia)
1.1.2 Diffuse nodular hyperplasia with fibrous septa or in cirrhosis

1.2 Multiacinar regenerative nodule
1.3 Lobar or segmental hyperplasia
1.4 Cirrhotic nodule

14.1 Monoacinar cirrhotic nodule

1.4.2 Multiacinar cirrhotic nodule
1.5 Focal nodular hyperplasia

1.5.1 Focal nodular hyperplasia, solid type
1.5.1 Focal nodular hyperplasia, telangiectatic type

2. Dysplastic or neoplastic lesions
2.1 Hepatocellular adenoma
2.2 Dysplastic focus
2.3 Dysplastic nodule

2.3.1 Dysplastic nodule, low-grade

2.3.1 Dysplastic nodule, high-grade

24 Hepatocellular carcinoma

2.4.1 Small hepatocellular carcinoma (less than 2 cm)

24.1.1 Early HCC
24.1.2 Progressed HCC

* According to the International Working Party® and International Con-
sensus Group for Hepatocellular Neoplasia®.

HCC,; Hepatocellular carcinoma.
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Impact of Liver Disease After the Fontan Operation

Tan Lindsay, MD?, Joy Johnson, MD®, Melanie D. Everitt, MD®, James Hoffman, MD",
and Anji T. Yetman, MD®*

Liver disease is being reported with increased frequency in survivors of the Fontan
operation. The clinical impact of structural hepatic abnormalities in these patients remains
largely unknown. We sought to assess if, and how, cardiologists are screening for hepatic
disease in these patients to evaluate for clinical or laboratory correlates of structural hepatic
disease and determine the prevalence and clinical impact of such disease. Retrospective
data analysis from tertiary institutions was performed. Hepatic imaging studies and
serology performed over the last decade were reviewed and clinical and laboratory
correlates of structural hepatic alterations on liver imaging or biopsy were sought.
Outcomes were determined. In this cohort study, 53 of 60 adult survivors (88%) underwent
hepatic imaging with computed tomography, magnetic resonance imaging, or ultrasound
with a median number of 2 (0 to 10) studies over the past decade. The frequency of hepatic
imaging varied widely with 70% of patients undergoing serial studies. Cirrhosis with or
without abnormal hepatic nodules was seen in 29 of 53 patients (55%) at 18.4 * 5.6 years
after the Fontan procedure. Adverse hepatic-related outcome occurred in 22% of the entire
patient cohort and was unrelated to time from Fontan operation. In conclusion, there exists
significant varijability in the type and timing of testing for hepatic complications after the
Fontan procedure. Structural hepatic alterations are common and can be associated with
significant morbidity and mortality. Routine imaging, and serologic evaluation, is recom-

mended in all Fontan survivors.
2015;115:249—-252)

© 2015 Elsevier Inc. All rights reserved. (Am J Cardiol

Hepatic cirrhosis after Fontan palliation for single
ventricle cardiac anatomy has been well described in small
patient cohorts.'™> The evolution of anatomical hepatic
derangements in these patients remains ill-defined thereby
making it difficult to know whom to screen and how
often.*"® We sought to characterize the frequency and
modalities of hepatic screening used for evaluation of these
patients and identify the type, severity, prevalence, and
clinical impact of anatomic and physiologic hepatic
derangements present. We also sought to assess for labo-
ratory or clinical correlates of cirrhosis or other significant
hepatic pathology in an adult cohort of patients surviving
the Fontan procedure.

Methods

An institutional review board approved review of data on
all patients evaluated during the past 10 years who had
undergone the Fontan procedure in childhood and survived
to >18 years was performed. Serologic and -clinical
correlates of “significant” hepatic pathology were assessed
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for. Significant hepatic pathology was defined as the pres-
ence of advanced fibrosis, cirrhosis, hepatocellular carci-
noma, hepatic adenomatosis, or dysplastic hepatic nodules
on imaging and biopsy. This definition was chosen as it was
believed that these particular findings, in contrast to isolated
portal hypertension and/or early fibrotic changes, carried
significant potential to alter long-term outcome. The
presence or absence of protein losing enteropathy (defined
by an elevated stool &-1 antitrypsin and associated hypo-
albuminemia) was recorded. Cardiac catheterization data
were recorded if performed within 1 year of imaging and/or
biopsy evaluation for cirrhosis. Data from routine outpatient
laboratory evaluation performed in adolescence and
adulthood were reviewed. Testing was performed at the
discretion of the primary cardiologist. The frequency and
absolute number of times routine outpatient testing was
performed were recorded. Values from routine out-patient
testing performed at or near the time of hepatic imaging
were recorded for the purposes of data analysis. Interna-
tional normalized ratio values were not recorded as most
patients were on warfarin therapy. Several scores found to
be predictive of hepatic fibrosis in other patient pop-
ulations’™ were calculated including aspartate amino-
transferase (AST) to alanine aminotransferase (ALT) ratio,’
APRI (AST to platelet ratio)8 and FIB-4 score (age x AST/
platelet count x ALT).?

Evaluation for liver pathology was performed at the
discretion of the primary cardiologist. Imaging of the liver
was performed through ultrasound with Doppler, dual phase
computed tomography with contrast, or magnetic resonance
imaging. Liver biopsy was performed at the discretion of the
hepatologist involved in the patient’s care and was triggered
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Table 1
Demographic data for the entire patient cohort
Clinical Variable N=60
Male/female 31/29
Age at last follow-up (years) 28 (18-43)
Age at Fontan (months) 66 (14-324)
Type of Fontan
Extra cardiac conduit 20 (33%)
Lateral Tunnel 20 (33%)
Atriopulmonary connection 14 23%)
Bjork modification of atriopulmonary connection 6 (10%)
Atrial arrhythmias 29 (48%)
Pacemaker 24 (40%)
Asplenia 12 (20%)
Protein Losing Enteropathy 13 (22%)
Peak Oxygen consumption (ml/kg/min £ SD) 60.8 + 12.8

Table 2
Liver imaging per patient (N=53)

Maximal severity of Liver Disease On Imaging Number of patients

No hepatic abnormalities 4 (1%)

Congestion only 20 (38%)
Cirrhosis without nodules 19 (36%)
Cirrhosis with nodules 10 (19%)

by imaging findings consistent with cirrhosis and progres-
sive serologic abnormalities, suspicious hepatic mass, or
consideration of cardiac transplantation.

Cirrhosis was defined on biopsy using the Metavir
grading system® or in those patients without biopsy, as
computed tomography or magnetic resonance imaging
findings of parenchymal heterogeneity with irregular
undulating liver margins, and caudate hypertrophy with or
without enhancing nodules.” Hepatic imaging was assigned
a score out of 4 with' representing no identified hepatic
abnormalities,” minor changes believed to represent
congestion or early fibrosis,” consistent with cirrhosis and*
cirrhotic changes with enhancing nodules. Patients with a
score of 3 or 4 were deemed to have cirrhosis whereas those
with a lesser score were said to not have cirrhosis unless
there was evidence to the contrary on liver biopsy.
Frequency of an adverse hepatic outcome was calculated
and defined as clinically symptomatic synthetic hepatic
dysfunction including gastrointestinal pathology with
bleeding requiring treatment, hepatic encephalopathy
defined as altered level of consciousness in association with
an elevated ammonia level, hepatocellular carcinoma or
adenomatosis, hepatorenal syndrome in the face of normal
systolic function, or progressive change in dysplastic
hepatic nodules required listing for liver transplant in
association with listing for cardiac transplant.

Statistical analysis was conducted using SAS version 9.2
(SAS Institute Inc., Cary, North Carolina). Continuous data
were expressed as means with SDs or medians with ranges as
appropriate and categorical data were tabulated. A 2-sided
p value of <0.05 was considered statistically significant.
Demographic, clinical, and serologic variables for those pa-
tients with versus without significant liver pathology and

those patients with versus without adverse clinical outcome
were compared using a chi-square test for dichotomous or
categorical variables and ¢ test or Wilcoxon rank sum for
continuous variables depending on their normality. Correlates
of cirrhosis, and the presence of adverse clinical outcome
were sought using a logistic regression mode] and odds ratios
calculated. Using a logistic regression model, the area under
the curve was determined to calculate the sensitivity and
specificity of each laboratory test.

Results

Sixty adult patients who had undergone the Fontan
procedure during childhood, and who were evaluated as
adults in either a pediatric cardiology clinic or adult
congenital cardiology clinic within the last 10 years, were
identified. Clinical characteristics of the patient cohort are
outlined in Table 1. At the time of last follow-up, 45 (75%)
were alive without listing for heart transplantation, 1 alive
awaiting heart transplantation, 3 (5%) alive and awaiting
combined heart and liver transplantation, 6 (10%) alive after
heart transplantation, and 5 (8%) deceased. Age at death was
24 + 5 years. Of the 53 (88%) patients who underwent
hepatic imaging for evaluation of cirrhosis (Table 2), initial
hepatic imaging was performed at 24 + 7 years occurring 18
+ 5 years after the Fontan procedure. Serial imaging was
performed in 37 patients (70%). Patients underwent a
median of 2 (0 to 10) studies during adolescence and
adulthood. Patients with a normal initial study were less
likely to undergo repeat imaging (33% vs 75%, p = 0.003).
Of the 8 patients who had a normal first study and under-
went repeat study, 4 (50%) had new abnormalities on repeat
imaging 2.8 (1 to 10) years later. Of the 29 patients
undergoing serial imaging who had abnormal findings on
first study, 25 (86%) had new abnormalities on repeat scan 2
(1 to 7) years later. Comparing those patients who under-
went hepatic imaging (n = 53) versus those that did not
(n = 7), evaluation with hepatic imaging was not related to
current age (25 + 5 vs 26 £ 6, p = 0.6), age at Fontan
procedure (7 = 6 vs 6 & 4 years, p = 0.8), interval from
Fontan procedure (20 & 6 vs 21 & 5 years, p = 0.8), type of
Fontan procedure (modern day vs atriopulmonary connec-
tion 69% vs 66%, p = 0.4), clinical symptoms, or presence
of an abnormal liver function test (70% vs 57%, p = 0.4) but
was related to whether the patient was seen in a pediatric
cardiology versus adult congenital cardiology clinic (48% vs
100%, p = 0.001). Liver biopsy was performed in 19 of the
35 (54%) patients noted to have cirrhosis on imaging and
demonstrated Metavir F1 stage (no fibrosis) in 0, F1 to F2
stage (portal fibrosis and/or bridging fibrosis with few
septae) in 4 (21%), F3 stage (bridging fibrosis with many
septae) in 4 (21%), and F4 stage (cirrhosis) in 11 (58%).
Esophagogastroduodenoscopy was performed in 23
patients, with findings of varices in 10 (43%), erosive gastric
or duodenal ulcers in 5 (26%), and hepatic gastropathy or
duodenopathy without ulcers in 9 (39%). Outpatient labo-
ratory evaluation as defined herein was performed a median
of 5 (1 to 20) times per patient over the past 10 years.
Routine testing in everyone included a comprehensive
metabolic panel with assessment of AST, ALT, alkaline
phosphatase, protein, and albumin. In addition, 29 (48%)
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Table 3 )
Laboratory correlates of hepatic pathology
Variable Hepatic Cirrhosis P
No Yes

(n=18) (n=35)
Gamma glutamy] transferase (U/L) 103.9 £ 57.8 129 + 834 0.28
Aspartate aminotransferase (U/L) 37.7 £ 13.6 43.1 £15.0 0.07
Alanine aminotransferase (U/L) 3334+ 176 354 + 14.8 0.33
Bilirubin ({mol/L) 232 + 119 222 +153 0.64
Alkaline Phosphatase (U/L) 89.8 £ 344 109.7 £ 59.1 0.23
Platelets (x10°/uL) 168.2 + 46.7 184.6 + 83.9 0.80
-2 macroglobulin (g/L) 261 +£1.0 344 +£20 0.05
Hepatitis C Antibody positivity 15 0 NS
Aspartate aminotransferase to alanine aminotransferase ratio 1.26 + 0.44 1.41 £ 0.69 047
Aspartate aminotransferase to platelet ratio 0.48 + 0.28 0.55 £ 0.36 0.52
Age (years) x aspartate aminotransferase/ platelet count x alanine aminotransferase 38.29 £ 27.63 40.62 + 25.14 0.53

Table 4
Clinical correlates of hepatic cirrhosis
Variable Hepatic Cirrhosis p
No Yes
(n=18) (n=35)
Age at Fontan (months) 89.0 + 65.0 75.0 £ 482 0.51

Years after Fontan 203+ 54 213 +£5.1 0.71
Systemic left ventricular 10 (58%) 17 (48%) 0.45
Recurrent atrial arrhythmias 433 57.7 0.28
Chronic amiodarone use (%) 2 (11%) 4 (11%) 0.90
Pacemaker 7 (39%) 13 (37%) 0.80
Years paced n= 21 52+75 58+77 0.83
Resting Sa02 904 + 3.6 89.1 +£43 0.17
Peak exercise Sa02 n= 48 86.6 + 4.3 83.1 £6.2 0.04
Peak % predicted V02 n= 48 62.7 + 12.5 59.0 + 13.2 0.33
Fontan pressure n= 31 16.7 £ 3.9 159 £33 0.71
Wedge pressure n= 31 124 + 3.7 102 £3.9 0.21
NYHA Class II/IV (%) 4 (22%) 18 (51%) 0.03

Ascites 4 (22%) 19 (54%) 0.005

Pleural Effusion 2 (11%) 7 (20%) 0.45
Protein Losing Enteropathy 2 (11%) 11 31%) 0.12
Original Fontan Type 0.82
Classic APC 5 (28%) 12 (34%)
LT 6 (33%) 12 (34%)
EC 7 (39%) 11 (32%)
Fontan Revision 1 (5%) 7 (20%) 0.14

patients underwent additional routine testing with gamma-
glutamy! transferase (GGT), o-fetoprotein, complete blood
count, and alpha2 macroglobulin as dictated by provider
preference. All patients requiring surgery before 1992 or
with findings of cirrhosis on imaging or biopsy underwent
testing for Hepatitis C. One asymptomatic patient was
hepatitis C antibody positive and did not merit treatment.
Thrombocytopenia was present in 18 patients (30%).
Patients without a functional spleen (n = 12) had a
greater platelet count than those with a spleen (250 + 77 vs
152 £+ 51, p = 0.0006).

Few clinical or laboratory correlates of cirrhosis or
other significant anatomic hepatic derangements were

identified in this patient cohort (Tables 3 and 4). In pa-
tients without protein losing enteropathy, and thus with a
normal protein level, an elevated o-2 macroglobulin level
was present in 13 of 14 patients (93%) with cirrhosis
versus 1 of 11 patients (9%) without cirrhosis (p <0.0001).
Using receiver operating characteristic analysis to calculate
area under the curve, no other laboratory marker or
calculation was found to be a good predictor of cirrhosis
with the 95% confidence interval for area under the curve
crossing 0.5 in all instances. GGT and alkaline phospha-
tase correlated with both Fontan and wedge pressure (r =
04; p=0.012, r = 0.5; p = 0.007 for GGT and r = 0.5,
p = 0.001; r = 0.5, p = 0.008), respectively. No labora-
tory parameter was shown to correlate with years from
Fontan procedure.

Interval between initial Fontan procedure to diagnosis of
cirrhosis was 18 + 5 years. Time to diagnosis of cirrhosis
was explored for surgery type (contemporary Fontan
procedure [lateral tunnel or extracardiac conduit] vs atrio-
pulmonary connection), gender, and year of Fontan.
Patients with a contemporary Fontan surgery had a shorter
interval to diagnosis of cirrhosis than those with an atrio-
pulmonary connection Fontan (17 £ 5 vs 25 £ 3 years,
p = 0.01).

Of the 29 patients with significant hepatic derangements
on imaging, adverse hepatic outcome occurred in 13,
representing 45% of those with abnormal routine liver im-
aging and 22% of the entire patient cohort of 60 patients.
Type and frequency of adverse hepatic outcomes included
liver failure with death in 4 (with 1 of these patients having
hepatic adenomatosis), recurrent gastrointestinal bleeding in
4, hepatic encephalopathy in 3, and evolving dysplastic
nodules in 2 patients listed for cardiac transplantation,
requiring re-listing for heart and liver transplants. Adverse
liver outcome was not related to age at Fontan (77 & 49 vs
82 + 60 months; p = 0.9) or time from Fontan (20 £ 6 vs
21 + 4 years; p = 0.65). Patients with an adverse liver
outcome had a higher AST on routine laboratory testing (48
+ 20 vs 37 + 10 U/L; p = 0.04) but no other serologic
marker or calculated laboratory score differed between those
with or without adverse liver outcome.
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Discussion

We describe an adult cohort of Fontan survivors who
underwent hepatic evaluation and in whom significant he-
patic pathology was found in the majority, and in whom,
longitudinal testing demonstrated progression of hepatic
disease. Although routine hepatic imaging to rule out sig-
nificant liver pathology in these patients is becoming
increasingly frequent, it is still not universal. Even when
performed, the type and frequency of testing varies mark-
edly as described herein. Clinicians may be relying on
routine liver serology to guide further testing. As noted by
others, we found that routine serologic liver tests did not
correlate with the presence of cirrhosis. There are several
potential reasons for this. GGT and total bilirubin tend to be
elevated in most adult patients who underwent Fontan'' and
do not necessarily reflect cirrhotic changes but rather, he-
patic congestion. Conversely, hepatic transaminases often
remain normal despite the presence of significant hepatic
derangements.'%!! Others have documented the serologic
panel FibroSURE (Laboratory Corporatlon of America,
Raritan, New Jersey) to be a good noninvasive marker for
liver fibrosis in these patients.” The panel includes 6 bio-
markers namely haptoglobin, apolipoprotein Al, bilirubin,
GGT, ALT, and alpha-2 macroglobulin. In this series, this
last biomarker was found to be highly correlated with the
presence of cirrhosis, particularly in those patients without
protein losing enteropathy who were able to mount an
elevated globulin response in the face of hepatic pathology.
More recently, investigators have proposed using the VAST
score (varices, ascites, splenomegaly, thrombocytopenia) to
assess which Fontan patients are at nsk for adverse events
secondary to portal hypertension.'! Similar to prev1ous
pubhcatlons we did note a higher incidence of varices and
ascites in those patients with cirrhosis and adverse hepatic
outcome, but did not find thrombocytopenia to correlate
with adverse outcome. This may be due in whole or in part
to a not insignificant number of patients with structural or
functional asplenia. These patients had significantly higher
platelet counts that would prevent using the score univer-
sally in this population.

Because the frequency of hepatic imaging varied
considerably in this study, the optimal frequency of
screening remains unknown. We did demonstrate progres-
sive hepatic anatomical derangements in the vast majority of
patients undergoing serial screening with changes occurring
over a period of as little as a year. Given that most patients
had structural hepatic derangements at the initiation of
screening, it appears that we are currently initiating imaging
too late and that periodic imaging should be started in
childhood or early adolescence and repeated at regular in-
tervals. Timely diagnosis of structural hepatic derangements
may allow for curative therapy for hepatocellular carcinoma,
or modification to planned operative cardiosurgical in-
terventions to mitigate risk.
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This was a retrospective study and thus data collection
was limited to that obtained during the process of routine
outpatient care. The vast majority of patients had hepatic
imaging and no patient in this cohort was lost to follow-up
thereby limiting, albeit not eliminating, potential selection
bias. Not all patients underwent liver biopsy, and thus the
diagnosis of significant hepatic pathology was based on
imaging studies that may not reflect the degree of hepatlc
pathology in these patients. % Serial imaging, although uni-
versal in those patients seen in an adult congenital cardio-
logy clinic, was not obtained in all adults seen in a pediatric
cardiology clinic thus hampering assessment of the average
rate of disease progression. Data collection was confined to
those patients who had currently reached adulthood and thus
the incidence of hepatic derangements in childhood and
adolescence cannot be commented on.
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¥yver the last 30 years, advances in congenital heart
%’ surgery and intensive care medicine have dramat-

ically increased the survival of infants with critical con-
genital heart disease, especially those with a single-
ventricle cardiac malformation [1]. Staged palliation
culminating in the Fontan operation has been life-saving
to infants with single-ventricle cardiac malformations.
Nevertheless, in patients followed up after total cavopul-
monary connection, the average central venous pressure
is about three to four times higher than normal [2, 3], and
this is a well-known predisposing factor for the develop-
ment of chronic liver disease [4]. Quite a few studies have
shown that children with cardiac disease and systemic
venous congestion have some degree of liver disease [5],

- and that after the Fontan operation, liver function tests
are commonly abnormal [6-14]. However, no correlation
has been found so far between the degree of liver disease
and cardiac function indicators in this setting.

We sought to identify the characteristic pattern of liver
dysfunction occurring in the long term after a Fontan
operation and to determine the hemodynamic factors
associated with hepatic impairment in children with a
functionally single ventricle.
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Patients@nd@/ethods

Study Design

Between December 2003 and September 2004, patients
who had previously undergone a Fontan operation at our
institution and were attending the follow-up program
were contacted on the phone to propose to enter a
noninvasive study of cardiac and liver function. Thirty-
four of 40 patients accepted to be enrolled in the study.
Informed consent was obtained from the patients or their
parents, and the Ethics Committee of our institution
approved this study. Patients having comorbidities in-
volving the liver such as chronic viral hepatitis were
excluded from the study.

Patient Evaluation

The work-up comprised history and physical examina-
tion including weight, height, heart rate and blood
pressure at rest and in supine position, liver and
spleen clinical measurement expressed as distance of
the lower border from the costal margin, and pres-
ence of ascites. A venous blood sample and a stool
sample were obtained for laboratory tests. Liver ultra-
sonography and Doppler sonography were performed
with the patient at rest and in the supine position.
Echocardiography to evaluate cardiac function by two-
dimensional M-mode measurements was also carried
out.

0003-4975/08/$34.00
doi:10.1016/j.athoracsur.2008.03.077

-209 -




Ann Thorac Surg

178 CAMPOSILVAN ET AL
2008;86:177-82

LIVER DYSFUNCTION AFTER FONTAN OPERATION

Table 1. Liver Disease Score

Score According to Considered Variables®

Score of Liver Disease 0 1 2

Liver size from costal edge Normal (< 1 cm) >1cmand <3 cm >3 cm

Total bilirubin Normal > 20 pmol/L > 50 pmol/L

Clotting indicators® Normal INR > 1.2 and < 2.0 or factor V INR > 2 or factor V < 30%
< 60% and > 30%

Doppler of the hepatic vein Normal Monophasic or diphasic pattern

Doppler of portal vein Normal PR < 054 Reversed flow

Doppler of the hepatic artery Normal RI and PI RI> 0.70 or PI > 1.64 RI > 0.70 and PI > 1.64

2 Normal values: total bilirubin < 20 pmol/L; INR = 0.8 to 1.2; factor V > 60%; hepatic veins, triphasic pattern; PR > 0.54 RI < 0.7; PI < 1.64.

on warfarin, the activity of factor V has been considered.
INR = international normalized ratio;

Evaluation of Liver Disease

LIVER ULTRASOUND AND DOPPLER. Measurements were made
with an Bsaote Technos MP (Esaote Group, Genova,
Italy) using a broadband convex transducer. Pulsed-wave
Doppler recordings of the hepatic vein, inferior vena cava,
portal vein, and hepatic artery were performed with each
patient breathing quietly in the supine position and after
fasting. The wansducer was placed in a subxyphoid and
rightintercostal position. Each result was the mean of three
measurements.

The study was carried out according to previously pub-
lished methods, and the values obtained were compared
with normal age-matched subjects, as previously described
[15-17]. Doppler data included direction, velocity, and flow
pattern in the hepatic vein, inferior vena cava, portal vein,
and hepatic artery. Pulsatility ratio (PR = minimal flow
velocity/maximal flow velocity [normal value greater
than 0.54]) of the portal vein as a marker of hepatic vein
congestion [18-21], resistance index (RI = peak systolic
velocity —~ end diastolic velocity/peak systolic velocity
[normal value lower than 0.7]), and pulsatility index (PI =
peak systolic velocity — end diastolic velocity/mean ve-
locity [normal value lower than 1.64]) of the hepatic
artery were also calculated [22].

LABORATORY TESTS. We tested full blood count, alanine
aminotransferase (normal values, 10 to 40 IU/L), aspar-
tate aminotransferase (normal value, 10 to 40 IU/L),
gamma glutamyl transpeptidase (normal value, 10 to 40
TU/L), lactic dehydrogenase (normal value, 0 to 580 IU/L),
total bilirubin (normal vaue, less than 20 pmol/L), total
protein, albumin, prothrombin time, international nor-
malized ratio, and partial activated thromboplastin time.
In patients taking oral anticoagulants (warfarin) factor V
activity was determined for evaluation of coagulopathy
(normal activity, greater than 60%) [23]. A stool sample
was obtained for alpha-1-antitrypsin measurement (nor-
mal value, less than 5 mg/g dry stool).

SCORE OF LIVER DAMAGE. For the global evaluation of liver
disease, a score of liver injury was introduced, including
clinical, laboratory, and echographic data. The liver score
has been formulated upon expert consensus with the aim
to assess liver function in patients with potential hemo-

PI = pulsatility index; PR = pulsatility ratio;

b In patients

RI = resistance index.

dynamic imbalance. We included synthetic function (in-
ternational normalized ratio and factor V activity), biliary
function (serum bilirubin), and liver blood flow and con-
gestion (liver size and Doppler ultrasonography). The score
was then compared with cardiac anatomy, type of interven-
tion, and cardiac function of each patient (Table 1).

EVALUATION OF CARDIAC FUNCTION. Medical records, opera-
tive notes, electrocardiograms, echocardiography re-
ports, and recent (within the last 2 years) cardiac cathe-
terization reports when available were reviewed. Blood
pressure was measured during echocardiography evalu-
ation. All these patients were studied with a 12-lead and
a 24-hour Holter electrocardiogram. None of them had a
pacemaker. ,

After positioning of the subject in a partial left decub-
itus position, a two-dimensional and M-mode echocar-
diogram was performed with a Hewlett-Packard Sonos
2500 echocardiographer (Hewlett-Packard Company, Palo
Alto, CA) during morning hours. This evaluation was
considered reliable only if the left ventricle normal ge-
ometry was maintained. Measurements of interventricu-

Table 2. Characteristics of Patients

Number %
Male 20 59
Female 14 41

Median age, years (range) 14.7 (4.1-26.7)

Age at operation, years (range) 3.3(0.9-144)
" Follow-up, years (range) 115 (1.7-23.2)

Diagnosis
Tricuspid atresia 17 50
Pulmonary atresia 4 11.8
Hypoplastic left heart syndrome 5 14.8
Double-outlet right ventricle 2 5.8
Holmes heart 2 5.8
Miscellaneous 4 118

Type of intervention
Atriopulmonary connection 8 23.5
Total cavopulmonary connection 26 76.5
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correlations between hepatic and cardiac values (NCSS
2000 package and Excel for Windows).

Results

Overall, 34 patients accepted to enter the study. Twenty
were male, and 14 female; the median age at assessment
was 14.7 years (range, 4.1 nto 26.7). Patients’ diagnoses
and type of Fontan procedure are summarized in Table 2.

" ° Eight patients (23.5%) had a morphologic right ventricle,
45 40 35 30 25 20 A5 16 05 no,va 05 10 and 26 (76.5%) had _a morph;logic left Venaf;'ide.
Heart rate (Z-scors) Twenty-three patients underwent a total cavopulmo-

Fig 1. Correlation between increased liver disease score and low
freart rate. The equation of the straight line relating liver disease
score and heart rafe is estimated as: liver disease score = (2.1250) +
(—0.5949) heart rafe.

lar septal thickness, posterior wall thickness, and left
ventricle dimensions were taken at or just below the
mitral valve tips by the leading edge-to-leading edge
method at the onset of the electrocardiographic Q wave,
according to the American Society of Echocardiography
[24].

Left ventricular end-diastolic and end-systolic volumes
were calculated with the Teichholz correction of the cube
formula [25]. Left ventricle chamber volumes and stroke
volume determined by this approach have been shown to
correlate well with invasive and with two-dimensional
and Doppler-echocardiographic volume measurements
in a variety of populations with symmetrical left ventricle
wall motion [26-28].

The cardiac index (heart rate X systolic output/body
surface [mL - min~* - m™?]) and the stroke volume were
calculated for each patient, or retrieved from a recent
cardiac catheterization in those with a residual right
ventrice [29-30]. Heart rate was derived by a 24-hour
Holter electrocardiographic recording on each patient.
Statistics
We performed the Student £ test for paired and unpaired
couples of data. Linear regression analysis was used for

Table 3. Laboratory Tests

nary connection, 11 underwent an atriopulmonary con-
nection. Three patients of the latter group underwent a
new operation to convert their original atriopulmonary
anastomosis to a total cavopulmonary connection; there-
fore, in our study, they are included in the former group
of patients. None of the patients was taking drugs known
to be associated with liver dysfunction.

The median age at intervention was 3.3 years (range,
0.9 to 14.4), with a median follow-up after Fontan opera-
tion of 11.5 years (range, 1.7 to 23.2). Patients with an
atriopulmonary connection have a follow-up significantly
longer (mean duration, 18.7 % 5.8 years) than those with
a total cavopulmonary connection (mean duration, 9.6 =
11.3 years; p = 0.00014, Student £ test).

Clinical Observations

All patients lead a nearly normal life. Median heart rate
was 65 beats per minute (range, 42 to 110). Median heart
rate z-score was —1.72 (range, 0.9 to —4); 22 of 34 (65%)
had a heart rate less than 1 SD of normal, and 12 of 34
(35%) less than 2 SD of normal. Hepatomegaly was
clinically observed in 18 patients (545%); liver size from
costal edge was equal to or greater than 4 cm in 6 cases
(17.6%). Splenomegaly was found in 3 of 33 patients (9%).
One patient had asplenia. There was a clear tendency to
significance for the correlation between low heart rate
and increased liver disease score (¥* = 0.18, p = 0.07;
Fig 1). In fact, only 3 patients (9%) had a heart rate z-score
above zero with respect to normal values for age. A

Normal Value

Number of Patients Tested

Median (range)  Number Abnormal (%)

Aspartate aminotransferase 15-40 U/L 33 35 (20-69) 6{18)
Alanine aminotransferase 5-40 U/L 33 31{13-62) &(24)
Gamma glutamyl transpeptidase 340 U/L 31 44 (3-184) 19 (61}
Total bilirubin 1.7-20 prnol/L 31 17{1-32) 10(32)
Direct bilirubin 0-7 pmol/L. 29 4.7 (0.1-10) 6{21)
Total protein 6080 g/L 30 74.4 (3592} > 25D: 4(13)
<28D:2(7)
Albumin 3546 g/L 28 45 (16.6-64) >25D:10 (36}
<28D:2(7}
International normalized ratio® < 1.20 23 1.2 (1.09-2.9) 15/23 (65)
Factor V* 60%~150% & 71 (42-104) 2(30)
Fecal alpha-1l-antitrypsin 0-5 mglg 21 2(1-72) 4(19)

2 Excluded patients on warfarin,

¥ Only patients on watfarin,
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junctional rhythm was found in 8 of 34 patients (23%).
Considering only the presence of coagulopathy or in-
creased bilirubin, the patients with no coagulopathy had
a mean heart rate z-score of —1.5 versus —1.8 in patients
who had coagulopathy—lower but not statistically differ-
ent; patients with increased bilirubin had a mean heart
rate z-score of —2.1 versus —1.6 in patients with normal
bilirubin—still lower but not statistically different.

Laboratory Tests

Resulis of laboratory tests are reported in Table 3. Ten
patients of 31 (32%) showed elevated total bilirubin; 17 of
29 (58%) had an abnormal dotting profile. Total protein
was low in 2 of 30 patients (7%), and both showed high
levels of alpha-1-antitrypsin in stools (65 and 72 mg/dL
[normal value, less than 5 mg/g dry stool]). Elevation of
alpha-1-antitrypsin in stool was found in 4 of 21 patients
(19%), 2 of whom had clinically overt protein-losing
enteropathy.

Severity of liver disease according to the score did not
correlate with patient age, age at operation, length of
follow-up, residual left or right ventricle, type of surgical
repair (atriopulmonary connection versus total cavopul~
monary connection), or protein-losing enteropathy.
However, patients with an atriopulmonary connection
repair had a significantly greater gamma glutamyl tra-
naspeptidase level. (92 versus 44 U/L, p = 0.01). The
presence of a fenestration, as assessed by echocardiog-
raphy performed at the time of the study, did not corre-
late with any indicator of liver function.

Liver Ultrasonography and Doppler

An abnormal flow pattern in the hepatic vein was found
in 6 of 33 patients (18%). The diameter of the portal vein
was greater than normal in 2 of 34 patients (6%); the
median flow velocity was 21 cm/s (range, 9 to 34),
abnormally reduced in 9 patients (26%). The flow was
hepatopetal in 30 cases (88%), whereas a diastolic re-
versed flow was recorded in 4 patients (12%). An abnor-
mally fluctuating portal flow with a reduced pulsatility
ratio was found in 17 of 34 (50%). However, there was no
strict correlation between portal pulsatility ratio and liver
disease score (r* = 0.10, p > 0.1), nor between pulsatility
ratio and coagulopathy (p > 0.1, Student # test). The
resistance index in the hepatic artery showed a mean
value of 0.74 (range, 0.48 to 0.95), above the normal range
in 63% and below in 12%. The mean pulsatility index was
1.38 (range, 0.67 to 3.4), above the normal range in 22%
and below the normal range in 13%.

Cardiac Function
Nine patients (26%), including all of those with a mor-
phologic right ventricle, had their cardiac index obtained
from a recent cardiac catheterization, whereas the others
were studied by echocardiography. Six of 34 patients had
an open fenestration when assessed for this study. The
presence of an open fenestration did not correlate with
the degree of liver dysfunction.

Median ejection fraction was 62%, median shortening
fraction was 34%; both were reduced in 5 of 25 patients

Ann Thorac Surg
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Fig 2. Correlation befween increased liver disease score and low car-
diac index. The equation of the siraight line relating liver disease
score and cardiac index is estimated as: liver disease score =
(5.8568) + {—0.0009) cardiac index,

(20%). Median cardiac index was 2,934 mL - min~ - m™2
(range, 1,111 to 6,269 mL - min~* - m™?), reduced in 50%;
median stroke volume was 48 mL/m® (range, 17 to 81
mL/m?), reduced in 2 patients (8%). There was an appar-
ent trend to correlation between reduced cardiac index
and increased liver disease score (* = 0.34; p = 0.008;
Fig 2). Considering only the presence of coagulopathy,
the patients with no coagulopathy had a cardiac index
significantly greater than patients who had coagulopathy
(mean, 3,591 versus 2,485 mL - min~* - m™% p = 0.03).
Considering the level of total bilirubin, patients with an
abnormally high value had a lower cardiac index than
patients with normal bilirubin (2,087 versus 3,494 mL -
min~* - m™% p = 0.02, Studerit # test).

Comment

Total cavopulmonary connection is considered the best
palliation of complex congenital heart defects with func-
tionally single ventricle. In this condition, several adverse
events have been described but strict correlations be-
tween long-term complications and type of surgical re-
pair or hemodynamics are lacking, espedially as far as
liver disease is concerned [31, 32].

The Fontan operation carries features possibly leading
to chronic hepatopathy, such as an average central ve-
nous pressure about three to four times higher than
normal. Venous congestion is a known predisposing
factor for chronic liver disease in adults, and has proved
to be a feature, confirmed histologically, in keeping with
liver dysfunction after Fontan [3, 33-35]. Although ve-
nous congestion is the most logical cause of liver dys-
function in a circulation lacking a pulmonary pump,
previous findings have suggested that other mechanisms
might be implicated and that longstanding increased
systemic venous pressure is probably just one of the
factors influencing liver function in this setting. Indeed,
abnormal coagulation factors levels have been observed
in patients after bidirectional cavopulmonary anastomo-
sis, with presumably low splanchnic venous pressure
[36], as well as in patients with single-ventricle physiol-
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ogy before the bidirectional cavopulmonary anastomosis -

[37]. It is well known that during a staged Fontan ap-
proach, thromboembolic complications may occur, but
the cause of perioperative coagulation abnormalities is
rather unclear. Procelewska and colleagues [38] recently
reported that the hemodynamic status is important as far
as coagulation abnormalities and liver dysfunction after
hemi-Fontan and Fontan procedures are concerned. The
study suggests that elevated concentration of factor VIII
and significant influence of hemodynamics on coagula-
tion profile could contribute to postoperative thrombo-
embolic complications [38].

These findings support the hypothesis that, beside
venous congestion, other factors may contribute to liver
dysfunction in these patients. We have investigated liver
venous congestion using the portal pulsatility ratio, a
reliable noninvasive test [18-21], and found that 50% of
our patients have features of hepatic vein congestion.
Nevertheless, there was no correlation between this
index and liver disease score or presence of coagulopa-
thy. We therefore hypothesized that other factors might
be implicated in the development of liver damage in
these patients.

One of the main laboratory features suggesting liver
function derangement is the occurrence of coagulopathy,
and has previously been described in this setting by
several studies [8 11-14]. Chaloupecky and coworkers
[39] observed reduced mean concentrations of factor VII,
factor V, protein C, and fibrinogen in patients after total
cavopulmonary connection. The same study suggested
that the abnormalities in the coagulation profile observed
in patients after Fontan operation are related to protein
production in the liver [39]. We decided to test coagu-
lopathy using also the measurement of factor V, a vita-
min K-independent and therefore also a warfarin-
unaffected marker of deranged hepatic synthetic
function. This marker is very trustworthy and used com-
monly in the setting of liver failure [40]. Interestingly, we
have found that coagulopathy and liver disease score are
correlated with reduced cardiac index and, to a lesser
extent, with heart rate, suggesting a probably reduced
liver blood flow after Fontan operation.

The same hemodynamic mechanism has been impli-
cated in liver disease of different etiology. Children with
portal hypertension due to portal vein thrombosis have a
selective impairment of clotting factors and otherwise
normal liver function tests [41], similar to Fontan patients
[8, 11]; restoring a normal liver blood flow in children
with portal vein thrombosis leads to complete normal-
ization of clotting profile [42]. Narkewicz and colleagues
[43] found an abnormal galactose elimination in a group
of children after the Fontan procedure. This test repre-
sents the functional hepatic mass receiving arterial or
venous blood flow, being an indirect marker of liver
blood flow. Tomita and associates [9] found that Fontan
patients” coagulopathy and overall liver function tests
were more deranged as compared with a group of pa-
tients with increased atrial pressure due to other cardiac
diseases, and that prothrombin time correlated to some
extent to hemodynamic features, including cardiac index
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[9]. All these findings support the hypothesis that re-
duced liver blood flow plays a role in liver disease of
Fontan patients.

It is rather well known that most of the children who
undergo Fontan operation are bradycardic and have a
reduced variability of heart rate [44]. In our study, we
have shown that bradycardia is a feature of Fontan’s
patients with reduced cardiac index. Indeed, there was an
apparent trend to correlation between liver disease and
low heart rate.

In conclusion, in our study, we have suggested that, in
the long-term after Fontan operation, liver dysfunction
correlates with reduced cardiac index. The effect of he-
patic venous congestion has been demonstrated to be a
feature of these patients but could not explain entirely
liver disease in this setting. These preliminary findings, if
confirmed by a larger prospective study, suggest that the
reduction of liver blood flow could affect the hepatic
function after the Fontan procedure and that strategies
aimed at maintaining or reestablishing a normal cardiac
index might prevent or improve liver disease in the long
term after a Fontan operation.
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An international multicenter study comparing arrhythmia
prevalence between the intracardiac lateral tunnel and the
extracardiac conduit type of Fontan operations
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Objective: The study objective was to determine whether the extracardiac conduit Fontan confers an arrhythmia
advantage over the intracardiac lateral tunnel Fontan.

Methods: This multicenter study of 1271 patients compared bradyarrhythmia (defined as need for pacing) and
tachyarrhythmia (defined as needing antiarrhythmic therapy) between 602 patients undergoing the intracardiac
Fontan and 669 patients undergoing the extracardiac Fontan. The median age at the time of the Fontan procedure
was 2.1 years (interquartile range, 1.6-3.2 years) for the intracardiac group and 3.0 years (interquartile range,
2.4-3.9) for the extracardiac group (P <.0001). The median follow-up was 9.2 years (interquartile range, 5-12.8)
for the intracardiac group and 4.7 years (interquartile range, 2.8-7.7) for the extracardiac group (P <.0001).

Results: Early postoperative (<30 days) bradyarrhythmia occurred in 24 patients (4%) in the intracardiac group
and 73 patients (11%) in the extracardiac group (P < .0001). Early postoperative (<30 days) tachyarrhythmia
occurred in 32 patients (5%) in the intracardiac group and 53 patients (8%) in the extracardiac group (P = not
significant). Late (>30 days) bradyarrhythmia occurred in 105 patients (18%) in the intracardiac group and 63
patients (9%) in the extracardiac group (P < .0001). Late (>30 days) tachyarrthythmia occurred in 58 patients
(10%) in the intracardiac group and 23 patients (3%) in the extracardiac group (P <.0001). By multivariate analysis
factoring time since surgery, more patients in the extracardiac group had early bradycardia (odds ratio, 2.9;
95% confidence interval, 1.8-4.6), with no difference in early tachycardia, late bradycardia, or late tachycardia.

Conclusions: Overall arrhythmia burden is similar between the 2 groups, but the extracardiac Fontan group had a
higher incidence of early bradyarrhythmias. There was no difference in the incidence of late tachyarrhythmias over
time between the 2 operations. Therefore, the type of Fontan performed should be based on factors other than an
anticipated reduction in arrhythmia burden from the extracardiac conduit. (J Thorac Cardiovasc Surg
2014;148:576-81)
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The Fontan operation, first described in the early 1970s, revo-
lutionized the management of children with single
ventricles." Since inception, the procedure has undergone
numerous modifications. Chief among these was the
development of the intracardiac lateral tunnel (ILT). First
described by de Leval and colleagues,” the ILT improved sur-
gical outcomes compared with the original atriopulmonary
connection (APC) and was therefore generally adopted.
Soon thereafter, Marcelletti and colleagues3 described the
extracardiac conduit (ECC) modification, which, although
similar to the ILT, bypasses the right atrium with a conduit
from the inferior vena cava to the pulmonary artery.
Arrhythmias, both bradycardia (mainly sinus node
dysfunction [SND]) and, more important, tachyarrhythmias
(primarily supraventricular tachycardia [SVT] due to atrial
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Abbreviations and Acronyms
AFL. = atrial flutter
APC = atriopulmonary connection
ECC = extracardiac conduit
ECG = electrocardiography
IART = incisional atrial reentrant tachycardia
ILT = intracardiac lateral tunnel
IQR = interquartile range
OR = odds ratio
SD = standard deviation
SND = sinus node dysfunction
SVT = supraventricular tachycardia

flutter [AFL] or incisional atrial reentrant tachycardia
[IART]) have been a challenging problem in patients
undergoing the Fontan.”® Bradyarrhythmias are thought to
be primarily due to damage to the sinus node or its arterial
supply. Tachyarrhythmias are thought to be due to suture
lines and pressure and volume overload of the right atrium.
Although early bradyarrhythmias and tachyarrhythmias
can complicate the immediate postoperative management
and increase the hospital length of stay, they are often
transient. In the long-term, bradyarrhythmias can be
managed by pacemaker implant. However, tachyarrhythmias
in this patient population can be a major cause of morbidity
and mortality and hard to manage.

The ILT resulted in less late tachyarrhythmia compared
with the APC.*® Marcelletti and colleagues3 proposed
that the ECC would be even less arrhythmogenic
because it bypasses the right atrium.” To date, most studies
comparing the ILT with the ECC have been cross-sectional
rather than longitudinal and have been inconclusive in
determining whether the: ECC provides a long-term
arrhythmia benefit compared with the ILT.**’

To better evaluate the incidence of arrhythmia in the current
era, a multicenter international retrospective study was
designed to examine the prevalence and potential difference
in early (<30 days) and late (>30 days) bradyarrhythmias
and tachyarrhythmias after the ILT and ECC operations.

MATERIALS AND METHODS

This study was a retrospective cohort study, with The Children’s
Hospital of Philadelphia serving as the data coordinating center. The study
received approval by an institutional review board at each participating
institution. All members of the Pediatric and Congenital Electrophysiology
Society were contacted and invited to participate in the study.

Study Population

Subjects were identified through a database search and included all
patients who underwent an ILT or ECC between January 1, 1998, and
January 1, 2008. Patients were excluded from the study if (1) an arrhythmia
was documented before their ILT or ECC and (2) follow-up after ILT or
ECC was less than 1 year or (3) a previous APC had been performed. A
small group of patients (n = 56) at one institution were part of a study of

patients with ILT randomized to receive or not receive additional incisions
within the right atrium, which may prevent the development of
postoperative arrhythmias. We analyzed our data with and without this
subset of patients and did not identify any difference; therefore, the data
presented include these 56 patients.

Medical Record Review

Standardized data forms were used to extract pertinent data from
medical records regarding patient demographics, cardiac anatomic
diagnosis, type of surgical repair, electrocardiography (ECG) and
ambulatory Holter monitor findings, and presence of rhythm disturbances.
When rhythm disturbances were documented, the onset, type, and
treatment for the rhythm disturbance were noted.

Rhythm Analysis

Relevant rhythm documentation was reviewed at the individual
institutions. If bradyarthythmias were documented, they were classified as
SND or atrioventricular block. If tachyarrhythmias were present, they were
classified as SVT or ventricular tachycardia. For the purpose of this study,
bradycardia was considered significant if it required pacing. SVT was defined
as a rhythm disturbance originating above the ventricles resulting in a fast
heart rate causing death or requiring acute or chronic therapy, such as
pharmacotherapy, antitachycardia pacing, direct current cardioversion or
defibrillation, catheter ablation, or arrhythmia surgery. We did not
subcategorize the mechanism of SVT as being due to AFL/IART.

Surgical Procedures

Patients were divided into 2 Fontan groups according to the following:
(1) If an external conduit connected the inferior vena cava to the pulmonary
artery, patients were classified as having the ECC type of Fontan. (2) If an
intra-atrial tunnel connected the inferior vena cava to the pulmonary artery,
patients were classified as having the intracardiac lateral tunnel (ILT) type
of Fontan. In patients with unusual anatomy, such as heterotaxy syndromes,
regardless of modifications used in their surgery, we designated patients
using the listed criteria. No patients were excluded from the analysis
because of modifications to their surgery.

Surgeries preceding the Fontan operation and the presence or absence of
Fontan fenestration were documented. The early postoperative period was
defined as the time period 30 days or less after Fontan surgery. The late
postoperative period was defined as the period more than 30 days after
Fontan surgery.

Study End Points

The primary end points of this study were (1) documented bradyarrhy-
thmia requiring pacing, either temporary or permanent (any patient who
received temporary or permanent pacing in the early postoperative period
was noted), and (2) documented SVT causing death or clinical symptoms
requiring management with commonly used therapeutic options.

Statistical Methods

Descriptive  statistics were calculated for demographic and
descriptive data, reported as median with interquartile range (IQR) for
quantitative variables and number and percentage for qualitative variables.
Demographic and clinical variables were compared between the 2 groups
(ILT vs ECC) using the Mann-Whitney U test, Pearson chi-square test,
or Fisher exact test as appropriate.

Multivariate logistic regression models were used to assess the relationship
between the type of Fontan (bidirectional Glenn, early arrhythmia, late
arrhythmia, hemi-Fontan, and fenestration) adjusting for age at Fontan.

Kaplan-Meier survival curves were generated for time to first late
bradyarrhythmia and time to first late tachyarrhythmia. Multivariate Cox
regression models were used to assess whether there was a difference
between the 2 groups adjusting for age at Fontan. In addition, we also
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TABLE 1. Patient characteristics

Variable ILT (%) ECC (%) P value
N 602 . 669 NA
Male 231 (60) 286 (60) NS
Dominant RV 292 (49) 266 (40) .007
Dominant LV 165 (27) 219 (33) NS
Other SV 145 (24) 184 (28) NS
Norwood* 298 296 NS
Shunts? 190 233 NS
PA band 55 66 NS
Other 21 22 NS
No surgery 38 52 NS
Hemi-Fontan 339 (69) 24 (6) <.0001
Bidirectional Glenn 58 (12) 296 (70) <.0001
Fenestration 422 (71) 468 (70) NS
Age at surgery 1 (d) 7 (4-30) 8 (3-30) NS
(median, IQR)
Age at surgery 2 (mo) 6.7 (5-11) 6.6 (5-10) NS
(median, IQR)
Age at Fontan (y) 2.1(1.6-3.2) 3.0(2.4-3.9) <.0001
(median, IQR)
Age at last FU (y) 11.8 (7.7-16.5) 7.9 (5.4-10.8) <.0001
(median, IQR)
FU since Fontan (y) 9.2 (5-12.8) 4.7 (2.8-7.7) <.0001

(median, IQR)
ECC, Extracardiac conduit; FU, follow-up; ILT, intracardiac lateral tunnel; JOR, in-
terquartile range; LV, left ventricle; NA, not available; NS, not significant; PA, pulmo-
nary artery; RV, right ventricle; SV, single ventricle. *Includes all Norwood-type
operations. fIncludes all varieties of systemic to pulmonary shunts.

performed multivariate Cox regressions adjusting for patient clustering by
site with robust sandwich covariance matrix estimation in an effort to see
whether patient clustering by center had an effect on results.

RESULTS
Patients

A total of 1500 patient records from 14 tertiary care car-
diac centers (10 US, 1 Canadian, and 3 international centers
[2 from Japan and 1 from The Netherlands]) were screened
for study participation. There were 1271 patients (84.7%)
identified as eligible and included in the study. Of these,
602 (47%) were in the ILT group and 669 (53%) were in
the ECC group. Table | outlines the demographic aspects
of the 2 groups. There was no difference in gender between
the 2 groups (Table 1). The ILT group had a slightly higher
proportion of patients with a dominant right ventricle and a
slightly higher incidence of the Norwood-type operation as
the initial surgery. Operations before the stage 1 Fontan
repair (ie, bidirectional Glenn or hemi-Fontan) were broken
down into Norwood type procedures (including Sano
modification and Damus—Kaye—Stansel operations), all
shunts (mostly Blalock-Taussig shunts but also a few
central and other types of shunts), pulmonary artery bands
and other surgeries (including coarctation repair without
pulmonary artery band), repair of anomalous pulmonary
venous drainage, valvuloplasty surgery, and a small number
in each group who had undergone no prior surgery.

The majority of the patients in the ILT group had
previously undergone the hemi-Fontan operation, whereas
most patients in the ECC group had undergone the
bidirectional Glenn operation. Patients in the ILT group
were younger at the time of the Fontan (median, 2.1 years;
IQR, 1.6-3.2 vs median, 3.0; IQR, 2.4-3.9; P <.0001) and
older at the time of last follow-up (median, 11.8 years;
IQR, 7.7-16.5 vs median, 7.9; IQR, 5.4-10.8; P < .0001).
The interval between surgery and last follow-up was greater
in the ILT group (median, 9.2; IQR, 5-12.8; vs median,
4.7; IQR, 2.8-7.7; P <.0001).

There were a total of 110 patients with heterotaxy (8.6%
of the total), and of these 70 (64%) underwent an ECC and
the remaining (30, 36%) had an intracardiac tunnel.

Early Postoperative Arrhythmia

Bradycardia requiring pacing occurred in 97 patients
(8%) in the early postoperative period. Of these, 71 patients
(73%) had only temporary pacing and permanent
pacemakers were implanted in 26 (27% of the bradycardia
subgroup and 2% of entire cohort). Of the 26 patients who
had permanent pacemakers, 9 (35%) were in the ILT group
and 17 (65%) were in the ECC group (Table 2).

Of the 71 patients who had only temporary pacing in
the early postoperative period, 7 (10%) underwent
implantation of a permanent pacemaker in the late post-
operative period.

Tachyarrhythmias occurred early after surgery in 32
patients (5%) in the ILT group and 53 patients (8%) in
the ECC group (P = not significant). When bradyarrhy-
thmias and tachyarrhythmias were combined, the burden
of arrhythmias in the early postoperative period was 56 in
the ILT group and 126 in the ECC group (P = .0003).

By multivariate comparison (performed using logistic
regression with adjustment for age at Fontan) (Table 3) of
arrhythmias in the early period, the ILT group was less
likely to be paced compared with the ECC group (odds ratio
[OR], 0.35; confidence interval [CI], 0.22-0.57; P <.0001),
but the incidence of early tachyarrhythmia did not differ
between groups (OR, 0.69; CI, 0.43-1.09; P = .1).

Late Postoperative Arrhythmias

On univariate analysis (Tabie 2), both bradycardia and
tachycardia were more common in the IL'T group compared
with the ECC group. Subdividing the tachycardia group into

TABLE 2. Results of univariate analysis

Variable ILT n (%) ECC n (%) P value
Early bradycardia 24 (4) 73 (11) <.0001
Early tachycardia 32(5) 53 (8) .063
Late bradycardia 105 (18) 63 (9) <.0001
Late tachycardia 58 (10) 23 (3) <.0001

ECC, Extracardiac conduit; /LT, intracardiac lateral tunnel.
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TABLE 3. Results of multivariate analysis

Variable ILT vs ECC Odds ratio/hazard ratio® 95% CI P value
Early bradycardia 0.35 0.22-0.57 <.0001
Early tachycardia 0.69 043-1.09 .1
Late bradycardia 1.26 0.76-2.1 .38
Late tachycardia 1.32 0.74-233 .35

Cl, Confidence interval; ECC, extracardiac conduit; ILT, intracardiac lateral tunnel.
*0dds ratios from multivariate logistic regression are reported for early bradycardia
and early tachycardia; hazard ratios from Cox regression are reported for late
bradycardia and late tachycardia. Age and gender were adjusted in the multivariate
analysis.

those requiring acute versus chronic therapy, tachyarrhyth-
mias requiring acute therapy (mostly direct current
cardioversion) were identified in 44 patients (7%) in the
ILT group compared with 13 patients (2%) in the ECC
group (P < .0001). Tachyarrhythmias requiring chronic
therapy were observed in 38 patients (6%) in the ILT group
and 17 patients (3%) in the ECC group. The differences
between ILT and ECC observed on univariate analysis
were shown to be due to the longer follow-up in the
ILT group when multivariate analysis was performed
(Kaplan—Meier graphs, Figures | and 2).

On multivariate analysis (Table 3), there were 573
patients in the ILT group and 566 patients in the ECC group
with data available for multivariate analysis and creation of
Kaplan—Meier graphs for bradyarrhythmia. Data were
available for 576 patients in the ILT group and 570 patients
in the ECC group for analysis of late tachyarrhythmia.

There was no difference in late postoperative bradycardia
or tachycardia between the 2 groups. Figures | and 2 show
the Kaplan-Meier curves for late bradycardia and
tachycardia.
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FIGURE 1. Kaplan-Meier curve for late bradyarrhythmia showing time
to first bradycardia. P = .41; incidence for ILT is 1.1% per year with
5-year cumulative probability of 5.4% (standard deviation [SD], 1.0%);
incidence for ECC is 0.8% per year with 5-year cumulative probability
of 4.2% (SD, 0.9%). ECC, Extracardiac conduit; /L7, intracardiac lateral
tunnel.
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FIGURE 2. Kaplan-Meier curve for late tachyarrhythmia showing time
to first tachycardia. P = .31; incidence for ILT is 1.0% per year with
5-year cumulative probability of 4.4% (SD, 0.9%); incidence for ECC is
0.6% per year with 5-year cumulative probability of 2.6% (SD, 0.9%).
ECC, Extracardiac conduit; /LT, intracardiac lateral tunnel.

Early arrhythmia did not predict late arrhythmia (ILT vs
ECC OR, 1.28; CI, 0.89-1.84) in the whole group and in
either subgroup. We observed no “center effect” on the
results because of patients clustering in one or few centers.

DISCUSSION

Then main findings of this study were that apart from the
ECC being associated with a higher incidence of early SND,
the incidence of late arrhythmias (especially late SVT) was
similar for the ILT and the ECC when factoring in the
duration of follow-up.

Arrhythmias are one of the most frequent and
troublesome complications encountered in the population
undergoing the Fontan, occurring in the early postoperative
period and throughout long-term follow-up. These
arrthythmias often are hemodynamically significant,
challenging to control, and represent a significant source
of morbidity and mortality in this population. When de
Leval and colleagues® proposed the ILT, their primary
purpose was to improve hemodynamics. However, one of
their hopes was that it would decrease the arrhythmia
burden compared with the earlier APC Fontan.” This has
indeed proven to be the case.*® However, although it
reduces the incidence, arthythmias have remained
sequelae of the ILT.*® The ECC was proposed by
Marcelletti and colleagues’ as a way of completely
bypassing the right side of the heart, with the hope that
this technique could reduce the risk of SVT.” Again, despite
these modifications, arrhythmias persist.* "’

Factors shown to be associated with arrhythmias in
patients undergoing the Fontan include the extent of surgery
close to the sinus node and its artery, the extensive suture
lines in the atrium, and the presence of pressure and volume
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overload of the right atrium.”® Although surgical
approaches vary and patients often have had prior atrial
incisions for their pre-Fontan operations or for vena caval
cannulation, the ILT still requires an atrial incision that
may result in damage to the sinus node or its artery and
create the anatomic substrate for incisional atrial reentry
tachycardia. In addition, the ILT subjects a part of the native
right atrium to pressure overload, albeit to a lesser amount
of atrial tissue compared with the APC. The ECC does
not involve incisions near the sinus node or its artery or
placement of incisions or sutures on the right atrial wall.
The ECC aims to subject no part of the right atrium to
pressure overload. Because of these factors, Giannico and
colleagues’ proposed the ECC as a way to reduce the
incidence of arrhythmias in patients with single ventricles.
Prior studies on this question have offered inconclusive
results, mainly because of the lack of power from small
study size.

A number of cross-sectional studies have reported
that the ECC is associated with fewer arrhythmias.® "’
The total number of patients enrolled in these studies
have ranged from 51'* to 165."' These studies showed an
increased incidence of SND,*'* early postoperative
SVT,*** and late-onset SVT™”'* in the ILT cases
compared with ECC cases.

Evidence that the ECC may be associated with worse
SND primarily comes from 2 studies from a single
center'* "> that initially reported 36 and then 70 patients.
They reported a higher incidence of SND with the ECC in
both the early and late postoperative periods.

Third, a few studies have shown no significant difference
in arrhythmia prevalence between ILT and ECC.*'*'7 Most
noteworthy among these was a multicenter cross-sectional
study of 520 patients from the Pediatric Heart Network
Investigators.” Their cohort consisted of 306 ILT and
69 ECC cases. They could see no difference in the
time-adjusted incidence of clinical SVT between the ILT
and the ECC.

To date, the only prospective study on this subject has
been by Cohen and colleagues.’” The examined the
incidence of arrhythmia on ECG and Holter monitoring
between ECC and ILT using ECG and Holter monitoring.
The found an incidence of SND of 13% after both ECC
and the ILT.

In another study from the Pediatric Heart Network,
Blaufox and colleagues'® showed that a lower resting heart
rate is associated with better functional outcome in patients
undergoing the Fontan. They speculated that a lower resting
heart rate with consequent longer filling time may be
beneficial in the Fontan circulation, which is known to be
pre-load dependent.'®

In contrast to these earlier smaller studies, our larger multi-
institutional study shows that early postoperative arrhythmias
are more prevalent in patients receiving the ECC compared

with the ILT and that long-term arrhythmia burden is not -
different between the 2 procedures. This study has the
advantage of evaluating a large population across numerous
centers, reducing the potential effects of institutional surgical
and postoperative techniques and arrhythmia management
preferences. The most important and troublesome arrhythmia
in patients undergoing the Fontan is late-occurring SVT
(mainly AFL and IART), which is a source of significant
morbidity and mortality, and difficult to manage. The main
attraction of the ECC was the hope that it would be associated
with a lower incidence of late SVT. This study suggests that
the perceived lower incidence of arrhythmias after the
ECC is likely due to the shorter length of follow-up in
ECC compared with the ILT.

Although this study could not elucidate why the ECC
does not result in fewer arrhythmias despite its theoretic
advantages, a number of possible reasons can be speculated.
The underlying heart defect or operations performed at the
pre-Fontan stage may be the true cause of arrhythmias,
which are then ‘“unmasked” by the Fontan physiology.
Alternatively, the dissection involved in the area of the right
atrium to create a space for the ECC conduit as it courses
between the inferior vena cava and the pulmonary artery
may be more arrhythmogenic than realized. Another
possibility is that the ILT, which involves a patch extending
from the superior to the inferior vena cava, acts in a manner
similar to the Maze operation, thereby reducing its potential
arrhythmogenicity lower than expected. Further work is
needed to elucidate the causes of late SVT after the Fontan.

Our finding that SVT requiring future management will
develop in up to 20% to 25% of patients receiving the
ILT and ECC should give cause for concern to all clinicians
caring for these patients. Strategies to prevent such
arrhythmias and to manage patients with these arrhythmias
will likely assume critical importance in the future.

Study Limitations

This study, despite its large size, suffers from the
disadvantages of any retrospective data collection. As with
most such studies, not all patients had complete data
availability for statistical analysis. The follow-up duration
in our study is relatively short. Because the length of
follow-up has been an important determinant of arrthythmia
development in this and prior studies, we plan to revisit
this cohort in 5 to 10 years. Our study focused on
clinical bradyarrhythmia and tachyarrhythmias. Only those
arrhythmias that were treated were included. We did not use
any age-specific cutoffs of heart rate on ECG or ambulatory
ECG monitoring to diagnose an arrhythmia. Such a stringent
definition of arthythmia likely underestimates the incidence.

CONCLUSIONS
Our study found that the ECC does not confer any
long-term arrhythmia advantage over the ILT. Early

580 The Journal of Thoracic and Cardiovascular Surgery - August 2014

-219-



