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Background: Hepatocellular carcinoma (HCC) is more likely to occur in pa-
tients with a history of Fontan surgery, possibly due to long-term liver con-
gestion. Proton beam therapy (PBT) may be effective for HCC that develops
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after Fontan surgery. Methods: Six lesions in 5 patients (3 females, 2 males)
received PBT. The median age of the patients was 33 (range 21 - 42) years,
and the median age at the time of the Fontan procedure was 6 (5 - 13) years.
Four patients had multiple HCC at the time of PBT. The median tumor size
was 57 (22 - 80) mm and 4 patients were classified as Child-Pugh B. Two pa-
tients received transcatheter arterial chemoembolization before PBT. The
schedule of PBT was 66 Gy (RBE) in 10 fractions for 2 lesions, 72.6 Gy (RBE)
in 22 fractions for 2 lesions, and 74 GyE (RBE) in 37 fractions for 2 lesions.
Results: The median follow-up period was 31 (10 - 46) months, and the
numbers of survivors, deaths from primary diseases, and deaths from other
diseases were 3, 1, and 1, respectively. There were no local recurrences, one
intrahepatic metastasis, one lung metastasis, and one intrathoracic metastasis.
Conclusion: Although experiences on a small number of patients cannot
conclude things, we believe that PBT can be a reasonable choice of radical
treatment for HCC occurring after the Fontan procedure.
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1. Introduction

A Fontan procedure is a palliative operation for patients with single ventricle
congenital heart disease (CHD). Since it was first described in 1971, the Fontan
procedure has been widely accepted for use in children [1] [2]. However, many
reports have shown that Fontan-associated liver disease (FALD) occurs due to
hepatic venous congestion and ischemia [2] [3] [4] [5], and some recent reports
have suggested that the risk of hepatocellular carcinoma (HCC) is higher after a
Fontan procedure [6] [7] [8] [9] [10].

The standard curative treatments for HCC are surgery, liver transplantation,
radiofrequency ablation (RFA) and transarterial chemoembolization (TACE).
However, these are often difficult to perform for HCC after a Fontan procedure
because of low heart function, hypohepatic function, and liver congestion. We
have shown that proton beam therapy (PBT) can be performed for patients with
a poor general condition [11] [12] [13] [14]. Herein, we describe the first use of
PBT for HCC after a Fontan procedure.

2. Methods

From 2016 to 2018, we performed PBT for 5 patients (3 females, 2 males) with
HCC after a Fontan procedure. This retrospective study was approved by the in-
stitutional review board and written informed consent was obtained from all pa-
tients. The median age of the patients was 33 (range 21 - 42) years, and the me-
dian age at the time of the Fontan procedure was 6 (range 5 - 13) years. The
Fontan procedure was performed for double outlet right ventricle (n = 3) and
tricuspid atresia (n = 2). Four patients needed anticoagulation therapy after the
Fontan procedure.

At the time of PBT, 4 patients had multiple HCC. Two patients had received
TACE before PBT. The median time from the Fontan procedure to PBT was 26
(15 - 33) years. Six lesions in 5 patients received PBT because standard treatment
was considered to be difficult. The median tumor size was 57 (22 - 80) mm and 4
patients were classified as Child-Pugh B. Three treatment schedules were used:
66 Gy (RBE) in 10 fractions for 2 lesions, 72.6 Gy (RBE) in 22 fractions for 2 le-
sions, and 74 GyE (RBE) in 37 fractions for 2 lesions. These were selected based

on the tumor location.

3. Results

The backgrounds of the patients and the tumor characteristics are shown in Ta-
ble 1. Each PBT schedule was performed without interruption. One patient had
grade 4 hyperkalemia, which was probably a side effect of a diuretic. No other
grade 3 or higher acute toxicity was observed. At the time of analysis, three pa-
tients are alive, one died due to heart failure, and one died due to bleeding from
intrathoracic metastasis. The median follow-up period was 31 months (range: 10
- 46 months). There has been no local recurrence, but one case has had intrahe-
patic recurrence outside the irradiated field, one developed lung metastasis, and

one had intrathoracic metastasis.
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Table 1. Patients and tumor characteristics (n = 5).

Item Value
Age at PBT, years (median) 21 -42 (33)
Age at Fontan procedure 5-13(6)
Sex (male/female) 2/3

Heart disease

Double outlet right ventricle 3
Tricuspid atresia 2
HCC at PBT
Single 1
Multiple 4
Time from Fontan procedure to PBT (years) 15 - 33 (26)

Child-Pugh classification
A 1
B 4

Proton therapy dose, Gy(RBE): 6 lesions

66 GyE/10 Fr 2
72.6 GyE/22 Fr 2
74 GyE/37 Fr 2

Anticoagulant or antiplatelet
Yes 4

No 1

PBT: Proton beam therapy; HCC: Hepatocellular carcinoma; RBE: Relative biological effectiveness.

As an illustrative example, we describe the case of a 33-year-old Asian female
who was born with tricuspid atresia. At the age of 6, she underwent a Fontan
procedure followed by a total cavopulmonary connection at age 23. She had been
under observation by abdominal US and CT from her twenties, and a dynamic
CT image revealed multiple HCC in segment 7 at age 32 (Figure 1(b), Figure
1(c)). The HCCs were 5.5 cm and 2.9 cm in diameter and both protruded on the
liver surface, but there was no vascular invasion. Her serum alpha-fetoprotein
level increased to 9883 ng/ml and PIVKAII also increased to 33,290 mAU/ml
with anticoagulant. Liver function was not good, at Child-Pugh B class, with
medium retention on an ICG test (retention rate at 15 min, 23%). Heart function
was also not good, with atrial flutter, tachycardia-bradycardia syndrome, and
coronary sinus thrombosis. The patient refused a surgical approach because of
the risks of liver and heart failure. And RFA or TACE were also thought to be
risky because of use of anticoagulant. For these reasons, she was referred to our
PBT center.
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Figure 1. (a) Treatment plan for proton beam therapy with an isodose distribution in
an axial view, showing isodose curves representing 100% to 10% of the prescribed dose
at 10% intervals; (b), (c) CT showing HCC in the right posterior segment of the liver
before proton beam therapy. (b) Arterial phase. (c) Venous phase; (d), (e) CT showing
that HCC had disappeared 31 months after proton beam therapy. (d) Arterial phase. (e)
Venous phase.

A total dose of 72.6 GyE in 22 fractions for 5 weeks was delivered to the tumor
(Figure 1(a)) without any significant adverse events. At 5 months after PBT, CT
revealed multiple lung metastases. Sorafenib, gefitinib, and paclitaxel were ad-
ministered while the effects of chemotherapy were monitored, and at 31 months
after PBT the patient is alive with the disease. The HCCs in her liver are shrunk
and stable (Figure 1(d), Figure 1(e)) and there have been no adverse events
of >G3.

4. Discussion

In 1971, Fontan reported the basic surgery in the Fontan procedure [1]. Subse-
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quently, the surgical technique has been improved, and since the extracardiac
conduit method using an artificial blood vessel was reported in 1990, stable
postoperative management has become possible and the number of treated cases
has increased [2]. However, the number of reports of postoperative complica-
tions has also increased since the 1990s [3] [4] and various measures for com-
plications and follow-up methods have been proposed [5] [15] [16]. One com-
plication after Fontan surgery is an increased incidence of HCC, which several
reports since 2010 have described [7] [8] [17] [18] [19] (Table 2). In these re-
ports, the incidence of HCC after Fontan surgery is 0.18% to 1.4%, which is
higher than the prevalence of HCC in the general population of Japan. Further-
more, the rate of HCC is 2.3% to 4.4% in the limited number of cases in which
imaging results are available after Fontan surgery.

From 2010 to 2018, 34 cases of HCC after Fontan surgery have been described
in 18 reports [8] [19] [20]-[36] (Table 3). The median age at onset of HCC of 28

Table 2. Hepatocellular carcinoma incidence after Fontan procedure.

Author, year n Group Incident rate
Elder, 2013 73 All patients 1.4
Wallihan, 2013 42 Followed by imaging 2.3
. 1138 All patients 0.44
Pundi, 2016 . .
195 Followed by imaging 2.6
Kuwabara, 2018 2700 All patients 0.18
Nandwana, 2018 113 Followed by imaging 4.4

Table 3. Summary of 34 cases (18 reports) on HCC after a Fontan procedure.

Item Value
Age at treatment for HCC (years) 12 - 51 (29)
From Fontan procedure to HCC (years) 7 -35(22)
Hepatitis
Hepatitis C 3
None 31

Treatment method

Surgery 7
TAE/TACE 9
RFA 6
Chemotherapy 5
Best supportive care 6
No information 1

TAE: Transcatheter arterial embolization; TACE: Transcatheter arterial chemo-embolization; RFA: Radio-

frequency ablation.
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years indicates that this disease mainly affects young people. After Fontan sur-
gery, patients often need to take anticoagulants or have a pacemaker in place to
maintain cardiac function or normal blood flow, and thus, the treatment me-
thods for HCC are limited. Of the 34 reported cases, 11 had difficulty with cura-
tive treatment.

PBT has been established as a radical treatment for HCC, and can be used as a
radical therapeutic method even in cases with low liver function or those in
which the inferior vena cava or portal vein has a tumor plug. All 5 cases in which
we used PBT were judged to be difficult to cure radically, but in all cases, radical
PBT was completed according to the protocol and without any serious adverse
events to date. In addition, PBT reduces the risk of secondary cancer in pediatric
cases, and this effect can be expected in patients with a young onset age of HCC
after a Fontan procedure.

HCC is a heterogeneous population that can be triggered by several clinical
backgrounds.

Therefore, depending on the etiology of each, the HCCs that develop may
have different cytological and oncological characteristics. It is not yet clear what
the cytological characteristics of HCC after Fontan surgery are, and whether
proton therapy is advantageous for these characteristics. However, it may be a
relatively reasonable treatment to receive, at least for those with poor liver and

circulatory system conditions.

5. Conclusion

This is the first report of the use of PBT for HCC after a Fontan procedure. The
results show that PBT has potential as a radical treatment in the special cir-

cumstances present in this population of patients.
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