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Abstract

Aim: With the increased use of particle therapy for liver cancer, local recurrence
after particle therapy increased. Salvage hepatectomy is an acceptable treatment op-
tion for local recurrence following particle therapy; however, its safety and effective-
ness remain unclear. Therefore, this multi-center study aimed to verify the feasibility
and efficacy of salvage hepatectomy and assess clinical issues associated with its
application.

Methods: We retrospectively assessed the perioperative outcomes, prognosis, and
pathological characteristics of 15 patients who underwent salvage hepatectomy for
local recurrence after particle therapy between 2006 and 2019.

Results: Hepatocellular carcinoma and metastatic liver tumors were noted in eight
and seven patients, respectively. The mean total dose and number of fractions were
66.5 Gy and 12, respectively, and the mean interval between particle therapy and sur-
gery was 30.1 months. Major hepatectomy was performed in seven cases. Moreover,
the mortality rate was 0%, and surgical complications of Clavien-Dindo grade llla or
higher were observed in four cases (27%)—two bile leakages, one pleural effusion,
and one refractory skin fistula. The median overall survival time and 5-year overall
survival rate after salvage hepatectomy were 29.9 months and 43.1%, respectively.
Histological examination of the irradiated liver tissue surrounding the tumor showed
sinusoidal dilatation, loss of hepatocyte, and fibrosis in most cases.

Conclusion: Salvage hepatectomy after particle therapy is a feasible therapy; how-
ever, the risk of refractory complications associated with particle therapy is relatively
high. Therefore, the first-line treatment for resectable liver cancer should be care-

fully determined considering second-line treatment after local recurrence.
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1 | INTRODUCTION

Particle therapy (PT), that is, therapy employing a proton or car-
bon ion beam, displays superior depth-dose distribution in spe-
cific ranges compared to photon radiotherapy. This characteristic,
termed the Bragg peak, induces elevated energy for the ablation of
tumors with specific dimensions and causes minimum damage to the
surrounding normal tissue. PT has been widely used for malignant
tumors originating in several organs, such as the prostate, lungs,
bones, and liver.'®

Among liver cancers, hepatocellular carcinoma (HCC) is a good
candidate for PT with high local control rates of 71.4%-94.8% at 2-5
years3’6 and reduced incidence of severe toxicity. PT has the ad-
vantage of preserving non-cancerous liver parenchyma in patients
with deteriorated function due to cirrhosis or pretreatment che-
motherapy,”® whereas, curative local therapies for HCC, including
liver resection and radiofrequency ablation, are frequently limited
due to liver dysfunction and tumor factor. The role of PT for HCC
is presented in several clinical guidelines. The 2017 clinical practical
guidelines for liver cancer published in Japan weakly recommended
PT for cases of HCCs, which are not indicated for other types of lo-
coregional therapies. However, in practice, PT is performed even for
patients who can be treated with liver resection or radiofrequency
ablation following preferred minimally invasive modalities. This type
of treatment strategy increases the number of patients receiving PT
for liver cancer.

Particle therapy for liver cancer is safe with low invasiveness
and can achieve a relatively significant local control compared
with hepatectomy. However, a standard therapy for local recur-
rence following PT has not been established. In patients with suf-
ficient liver function, salvage hepatectomy remains theoretically
a preferred curative-intent treatment option. The efficacy and
safety of salvage hepatectomy for patients with local recurrence
after PT have not been fully discussed. Furthermore, case reports
on salvage hepatectomy have been scarce.”'° In this study, we
analyzed the feasibility and effectiveness of salvage hepatectomy
and discussed clinical issues and pathological features of the liver
following PT.

2 | MATERIALS AND METHODS
2.1 | Patients

A multi-center retrospective study was conducted. Fifteen pa-
tients who underwent salvage hepatectomy for local recurrence
after PT between January 2006 and June 2019 at Kobe University
Hospital, Hyogo Cancer Center, and Kitano Hospital were enrolled.
All patients, apart from one, had received PT in Hyogo lon Beam
Medical Center. At the time of treatment selection, some patients
chose to receive PT as a less-invasive therapy, even for resectable
tumors. In this period, 1377 patients with HCC were treated at

this center and 69 faced local recurrence (5%). Among them, nine

patients underwent salvage hepatectomy and seven of them were
recruited in this study. Regarding metastatic tumor, 176 patients
were treated at Hyogo lon Beam Medical Center and 41 of them
had local recurrence (23%). Among them, eight patients under-
went salvage hepatectomy and seven of them were recruited in
this study. Two patients with HCC and one with liver metastasis
who underwent salvage hepatectomy in other institutions were
excluded from this study.

Clinical and pathological data were collected and analyzed.
This study was approved by the Institutional Review Board of each

institution.

2.2 | Data collection

Clinical characteristics, such as age, sex, liver function, and tumor
factor and type, were collected. Additionally, PT information, such
as beam type, intensity, fraction, radiation planning, and interval
time from irradiation to surgical operation, were also obtained.
Moreover, postoperative outcomes, such as morbidity, mortal-
ity, survival status, and recurrence status, were obtained and

analyzed.

2.3 | Statistical analyses

The follow-up time was calculated from the day of salvage hepatec-
tomy. The probabilities of overall survival (OS) and recurrence-free
survival (RFS) were estimated using the Kaplan-Meier method and
compared using the log-rank test. The correlation between the irra-
diation dose and the resection line and postoperative complications
was estimated using the chi-square (XZ) test. All statistical analyses
were performed using the SPSS statistics software version 22.0
(IBM Corp., Armonk, NY, USA).

2.4 | Pathological examination

Resected specimens were examined for pathological changes of the
recurrent tumor and the adjacent non-cancerous liver tissue by ap-
plying PT. Staining methods, such as hematoxylin and eosin (H&E)
and Masson, were employed.

3 | RESULTS

3.1 | Clinical characteristics of the study
participants

The details of patients who underwent salvage hepatectomy are
provided in Table 1. The mean age of patients was 64.4 (range: 35-
79) years. The cancer types included eight HCCs and seven liver

metastases, as well as one pancreatic ductal and six colorectal
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adenocarcinomas. The median size and number of primary tumors be-
fore PT were 3.5 (range: 1.0-9.7) cm and 1.1 (range: 1-2), respectively.

Particle therapy was conducted as the primary treatment for pa-
tients who wanted to undergo this procedure in 13 cases and in two
cases of unresectable HCC. The former 13 patients had resectable
tumors; however, they chose to undergo PT as a less invasive ther-
apy. The latter two cases were of a patient with HCC with portal ve-
nous tumor thrombus and another with HCC with lung metastasis.
Since the portal venous tumor thrombus was shrunk by RT and RO
resection could be performed for recurrent tumor, and lung metas-
tasis was already resected after PT without recurrence, we decided
to perform salvage hepatectomy. PT was performed with curative
intent using protons or carbon ions. The mean total dose and num-
ber of fractions of PT were 66.5 Gy (relative biologic effectiveness,
RBE; range, 52.8-76) and 12 (range: 4-38), respectively. Proton
beam therapy of 60-76 Gy (RBE) in 10-20 fractions was performed
for five patients and carbon ion radiotherapy of 52.8-76 Gy (RBE)
in 8-38 fractions was performed for 10 patients. The mean interval
duration from PT to surgery was 30.1 (range: 4.4-101.5) months.
Preoperative liver function was suitably preserved at hepatectomy
in all patients; 14 patients had a Child-Pugh score of 5, and one
patient had a score of 6. The mean total bilirubin, prothrombin, and
albumin levels and the indocyanine green retention rate at 15 min-
utes were 0.85 (range: 0.4-1.4) mg/dL, 94.2% (range: 77%-117%),
4.1 (range: 3.4-4.5) g/L, and 10.2% (range: 5.9%-18.7%), respec-
tively. The mean maximum tumor size and tumor number before
salvage hepatectomy were 3.4 (range: 1.0-7.2) cm and 2.0 (range:
1-5), respectively. All recurrent tumors were within the irradiated

area and were surgically resected by salvage therapy.

3.2 | Outcome of salvage hepatectomy

The surgical outcomes of salvage hepatectomy are summarized in

Table 2. Major hepatectomy (more than two sections) was performed

TABLE 2 Outcome of salvage hepatectomy
Salvage hepatectomy
(n=15)
Major/ Minor hepatectomy 7/8
396 (143-654)
402 (66-1000)

Operation time (min)

Blood loss (mL)

Blood transfusion 2 (13%)
Surgical complication
All 6 (40%)
Clavien-Dindo 2 grade llla 4 (27%)
Bile leakage 2 (13%)
Pleural effusion 1(7%)
Skin fistula 1(7%)
Mortality 0
Postoperative hospital stay (days) 26 (8-126)

in seven patients. The mean operation time and blood loss were 396
(range: 143-654) minutes and 402 (range: 66-1000) mL, respectively.
No postoperative death was recorded.

Surgical complications occurred in six cases (40%). Clavien-
Dindo grade llla or higher was observed in four cases (27%), con-
sisting of two HCC and two metastatic liver tumor cases: two,
one, and one cases of bile leakage, pleural effusion, and refractory
skin fistula, required abdominal wall reconstruction using rectal
muscle flap. The mean postoperative hospitalization duration of
these four patients with Clavien-Dindo grade llla or higher was
59 (range: 13-126) days; two patients with refractory bile leakage,
after partial resection, required an extended hospital stay of 126
and 82 days.

Comparing cases of HCC with those of metastatic liver tumor,
no significant differences were observed in the rate of major hepa-
tectomy (38% vs 57%, P = .45), morbidity rate (38% vs 43%, P = .83),
and Clavien-Dindo grade llla or higher complication rate (25% vs
28%, P = .89).

3.3 | Prognosis after salvage hepatectomy

The prognosis after salvage hepatectomy is presented in Figure 1.
The median OS and RFS of all patients in this study were 29.9 and
19.9 months, respectively; the 5-year OS and RFS rates were 43.3%
and 30%, respectively (Figure 1A,B). In patients with HCC, the me-
dian OS and RFS were 23.9 and 19.9 months, and in patients with
liver metastasis, the median OS and RFS were 29.9 and 11.0 months,
respectively. There were no significant differences in the OS and RFS
between HCC and liver metastasis (P = .85 and .86; Figure 1C,D).

3.4 | Macroscopic and microscopic findings

A typical case of salvage hepatectomy is presented with macro-
scopic and microscopic findings in Figure 2. A 66-year-old male pa-
tient initially underwent PT with proton beam for liver metastasis
from rectal cancer (Case 7 in Table 2). The radiation intensity was
66 Gy (RBE) in 10 fractions (Figure 2A). Following 24 months of PT,
tumor regrowth was detected on computed tomography (Figure 2B),
and the patient was referred to our hospital. Intraoperative findings
revealed a strong adhesion between the liver and the diaphragm
(Figure 2C); consequently, central bisegmentectomy was performed
(Figure 2D).

In recurrent tumors, moderately differentiated tubular adeno-
carcinoma (Figure 2E) along with the surrounding necrotic tissue
(Figure 2F) were microscopically observed. Irradiated non-cancerous
liver tissue displayed unique pathological changes, such as sinusoidal
dilatation (Figure 2G), loss of hepatocyte (Figure 2H), and fibrosis
of the portal region (Figure 2I). In contrast, the non-irradiated liver
tissue in the lateral segment displayed normal findings (Figure 2J).
These pathological changes were observed in the majority of the

cases.



TANAKA ET AL. 3 s of Grsoenmerological Sure 715
-r}.?‘ AG Surg AnndlaokGns[mmmmloug _Wl LEYJ_
(A) (B)
1.0 1.0
=
2
— 0.8 7 038
z 2
z v
0.6 ® 0.6
Z =
= S
5 0.4 § 0.4
z =
) =i
S 02
0.2 ¢ -
0.0 I I [ I I I 0.0 l T T | | |
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Months after hepatectomy Months after hepatectomy
©) (D)
Lo — HCC (n=8) _ — HCC (n=8)
e == Liver metastasis (n=7) £ ==+ Liver metastasis (n=7)
= 08 : £
£ 1 P=0.85 =
E 0.6 : : § P=0.86
z e
— Q)
] 3]
S 0.4 s :
> o :
St '
@) 5 -
0.2 o 0.2
&~
0.0 | | | | | 1 0.0 T T T T T |
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Months after hepatectomy Months after hepatectomy
FIGURE 1 Survival outcomes after salvage hepatectomy. Overall survival (A) and recurrence-free survival (B) in all patients. Overall

survival (C) and recurrence-free survival (D) in comparison with hepatocellular carcinoma and liver metastasis

3.5 | Refractory complications

We observed two cases with refractory complications, requiring
elongated hospital stay. One case displayed bile leakage (Case 4
in Table 2). A 77-year-old male patient was diagnosed with solitary
liver metastasis at segment 6, following 4 years of pancreatoduo-
denectomy for pancreatic head cancer. The patient opted to un-
dergo PT with carbon ion beams with 60 Gy (RBE) in eight fractions
(Figure 3A). After 7 months, tumor regrowth was detected by com-
puted tomography (Figure 3B); he was subsequently referred to our
hospital. After the evaluation of the tumor status and liver function,
we determined that the regrowth tumor was resectable; thus, par-
tial resection in segment 6 was performed. Postoperatively, refrac-
tory bile leakage, subsequent local infection, and intra-abdominal
abscess formation were observed; drainage tube placement was

required for a prolonged period (Figure 3C). Finally, the patient was

discharged on postoperative day 126. A retrospective review of the
dose distribution in radiation planning indicated the resection line of
the liver parenchyma overlapped with the 80% dose irradiated area
(Figure 3A,B).

The other postoperative complication observed was refrac-
tory skin fistula (Case 14 in Table 2). A 54-year-old male patient
was diagnosed with HCC associated with chronic hepatitis B. The
tumor was solitary, 3.6 cm in size, located in segment 3, and was
resectable; however, as per the patient's request, PT with 66 Gy
(RBE) of proton beam in 10 fractions was performed (Figure 4A).
After 10 months, local recurrence was detected; then, salvage
left hepatectomy was performed with a reverse T-shaped skin in-
cision. Following surgery, wound dehiscence and skin fistula oc-
curred on the midline incision, and it was refractory (Figure 4B).
Finally, the patient underwent abdominal wall reconstruction with

a rectal muscle flap at 4 months after salvage hepatectomy. The
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FIGURE 2 Typical case of salvage
hepatectomy (case No. 7). (A) Dose
distribution in radiation planning

for segment 8 lesion. (B) Computed
tomography image at local recurrence
(arrow head). (C) Strong adhesion between
liver and diaphragm (arrow head). (D) Liver
surface after parenchymal dissection. (E-J)
Histological findings. (E) Recurrent tumor,
HE x40. (F) Necrotic tissue around tumor,
HE x40. (G-1) Irradiated non-cancerous
liver tissue. (G) Sinusoidal dilatation, HE
x40. (H) Loss of hepatocyte, HE x40. (I)
Fibrosis around Glisson, Masson x40.

(J) Non-irradiated liver tissue, HE x40.
Abbreviations: HE, Hematoxylin and
eosin. MHV, middle hepatic vein. RHV,
right hepatic vein
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FIGURE 3 The case of refractory bile
leakage (case No. 4). (A) Dose distribution
in radiation planning for segment 6
lesion. (B) Computed tomography image
at local recurrence. Red line indicates
parenchymal resection line performed.
(C) Drainage tube placement for
postoperative bile leakage

(B)

FIGURE 4 The case of refractory skin (A)
fistula after salvage hepatectomy (Case
No. 14). (A) Dose distribution in radiation
planning shows 90% of maximum dose of
proton beam was irradiated to skin and
muscle. (B) Postoperative refractory skin
fistula and skin discoloration at highly
irradiated area

retrospective review of the dose distribution indicated that a 90%
dose was irradiated to the skin and the muscle on the incision
line (Figure 4A); skin discoloration by irradiation was observed
(Figure 4B).

3.6 | Association between irradiation dose of
resection line and refractory complication

We investigated dose distribution in radiation planning in all cases;
the association of the effect of increased irradiation with the in-
cision line of the liver or the skin with refractory complications
was analyzed. When the cutoff value was set to a maximum dose
of 70%, an increased amount was significantly associated with
Clavien-Dindo grade llla or higher complications; four (66%) out of

six patients and none out of nine patients who received >70% and

.‘yz;‘ AG Surg Annals ofG.ntmmtemlogic _Wl L EY 717

(B)

<70%, respectively, presented grade llla complications or higher
(P =.01).

4 | DISCUSSION

In the present study, we reported the outcomes of salvage hepatec-
tomy following PT for liver cancer with a certain number of cases.
Salvage hepatectomy appears to be feasible; however, there are
specific aspects to be considered for surgical indications and proce-
dures to prevent refractory complications.

After PT, surgical resection becomes more challenging be-
cause inflammatory changes occur at irradiated areas. As shown in
Figure 2C, proton beam irradiation for liver resulted in a strong adhe-
sion in the diaphragm and inflammatory changes around the middle

hepatic vein and the inferior vena cava. Therefore, precise handling
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of the detachment of the liver parenchyma from the diaphragm and
the major vessels was required. In this study, major hepatectomy
was performed in about half of the cases; consequently, the opera-
tion time and blood loss were acceptable.

We experienced a relatively elevated rate of Clavien-Dindo
grade llla complications or higher: two bile leakages, one skin fistula,
and one pleural effusion. Bile leakage cases were both of partial re-
section, in which the parenchymal dissection line was on a high-dose
irradiated area. The resultant skin fistula was a case of an open left
hepatectomy with a midline incision of the skin; a high-dose pro-
ton beam irradiation was performed. In this case, the irradiated skin
was discolored at the time of hepatectomy. As a result of refractory
complications, it was speculated that wound healing did not occur
effectively due to an excessive dose of particle beam irradiation. In
this study, the cutting of the liver or skin in a high-dose irradiated
area was significantly associated with severe complications. To pre-
vent complications, parenchymal dissection and skin incision should
be made distant to high-dose irradiated areas. In this regard, major
hepatectomy may be a preferable alternative for adequate liver func-
tion to avoid dissection of high-dose irradiated liver. In fact, no bile
leakage was observed in all cases of major hepatectomy. Regarding
skin incision, the laparoscopic approach may be effective to avoid
highly irradiated skin incision, especially for left-side tumors be-
cause open hepatectomy generally requires a midline skin incision.
Another concern was the safe radiation dose of the particle beam
for salvage hepatectomy. In the present study, 70% of the maximum
dose is significantly associated with severe complications. However,
there were no sufficient data regarding the safe radiation dose for
surgical dissection. Therefore, further investigation is warranted to
explore this issue.

There were few reports about the pathological changes in the
liver following PT, whereas conventional radiotherapy was outlined.*
In this study, the irradiated non-cancerous liver tissue surround-
ing the tumor displayed sinusoidal dilatation, loss of hepatocyte,
and fibrosis in the majority of the cases. As for the pathogenesis of
liver damage after irradiation, a non-human primate model revealed
conventional radiation-induced veno-occlusive changes, resulting
in sinusoidal congestion and fibrosis.*? Interestingly, in the present
study, liver function was well-preserved after PT in the majority of
the patients; hence, it was deemed feasible for major salvage hepa-
tectomy in half of the cases. This observation may depend on the
high-dose concentration of PT for liver tumor. Normal pathological
findings in the non-irradiated liver tissue outside the irradiated area
provided suitable evidence (Figure 2J).

With regard to prognosis, the 5-year OS and RFS rates in all cases
were 43.3% and 30%, respectively; there was no significant differ-
ence between HCC and liver metastasis. The 5-year OS rate of sal-
vage hepatectomy for recurrent HCC following locoregional therapy,
such as radiofrequency ablation and/or transarterial chemoemboli-
zation, was 38%-69%.13% Although the number of patients in the
present study was limited, we found that salvage hepatectomy is a
potential rescue therapy to prolong survival following local recur-

rence of HCC and metastatic liver tumor after PT.

According to the guidelines of the American Association for the
Study of Liver Diseases and the Japan Society of Hepatology, the
methods for HCC treatment with curative intent include surgical
resection, radiofrequency ablation, and liver transplantation.'>*¢
Radiation therapy, including PT, has not been standardized in these
therapeutic algorithms yet. However, a positive local control rate
for HCC has been reported.>™® This includes advanced cases with
portal venous” or inferior vena cava tumor thrombus.* Moreover, a
non-randomized controlled study comparing proton beam therapy
to surgical resection for resectable HCC is ongoing in Japan.*® For
colorectal liver metastasis, surgical resection remains the standard
treatment'?; however, the local control rate of particle therapy for
liver metastasis has been reported to be 61%-66%,%%%! and several
studies displayed an improved local control rate by dose escalation
manner with carbon ion and proton beam.??2% Additionally, some
patients prefer receiving PT as a less-invasive therapy, even for re-
sectable tumors. Considering these situations and the results of the
present study, primary care physicians and hepatologists should rec-
ognize and explain to patients that surgery remains the first choice
for resectable tumor and that if local recurrence following PT oc-
curs, treatment selection and salvage hepatectomy become more
difficult.

The limitations of the present study were its retrospective
nature and the small sample size. Currently, the number of sal-
vage hepatectomies conducted after PT is limited and only a few
case reports are referable.®? In 14 years, salvage hepatectomy
was performed in only 17 out of 110 patients who were treated
with PT in Hyogo lon Beam Center and experienced local recur-
rence. There are some reasons for this small number: difficult
pattern of local recurrence, liver dysfunction after PT, and less
knowledge concerning salvage hepatectomy. However, the num-
ber of patients undergoing PT for liver cancer has increased in
the last two decades® because of improved techniques, higher
numbers of facilities, and expanded use for resectable cases
and metastatic liver tumor. These circumstances add weight to
salvage hepatectomy in the treatment of recurrent liver tumor.
The outcomes obtained from this study can be a guide for sur-
geons to perform proper treatment selection and perioperative
management of local recurrence after PT. We believe that this
study may contribute to spreading the knowledge about salvage
hepatectomy.

In conclusion, salvage hepatectomy for local recurrence after
PT is feasible and effective; however, it generates an increased risk
of refractory complications associated with previous irradiation.
Therefore, the first-line therapy for resectable liver tumor should be
carefully determined, considering the possibility and risk of second-

line therapy.
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