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Purpose: To explore the feasibility and safety of centrally located hepatocellular
carcinoma (CL-HCC) treated by narrow-margin resection combined with intraoperative
electron radiotherapy (IOERT).

Methods and Materials: From November 2009 to November 2016, 37 consecutive
patients were treated with IOERT as adjuvant treatment during narrow-margin resection
for CL-HCC. Long-term outcomes, adverse events for surgery, and acute and chronic
toxicities were analyzed.

Results: The median follow-up was 57.82 months (range, 3.75-111.41 months). A total
dose of 15 Gy (range 12 to 17Gy) (prescribed at the 90% isodose) was delivered with a
0.9cm (range 0.8-1.2 cm) median treatment depth targeting the narrow-margin. The 1-
year, 3-year and 5-year OS rates were 91.39%, 88.34% and 88.34%, respectively. The 1-
year, 3-year and 5-year DFS rates were 80.81%, 68.59% and 54.17%, respectively. In the
univariate analysis, none of the treatment characteristics were predictive of overall survival.
Fifteen (40.5%) patients suffered from a recurrence event. No patient had marginal
recurrence. The 1-year, 3-year and 5-year intrahepatic recurrence rates were 19.75%,
25.92% and 39.58%, respectively. The 1-year, 3-year and 5-year extrahepatic recurrence
rates were 2.7%, 5.95% and 9.87%, respectively. There was no 30-day surgical-related
death. Three patients had grade 4, and 28 patients had grade 3 alanine aminotransferase
(ALT) levels, and seven patients had grade 4, and 30 patients had grade 3 aspartate
transaminase (AST) levels. All of them returned to normal within four months. There was no
acute radiation-induced liver injury during follow-up. There were no acute or chronic
toxicities associated with IOERT.
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Conclusion: IOERT for narrow-margin CL-HCC may achieve good long-term survival
outcomes, without significantly increasing acute and chronic toxicities. An IOERT dose of
15Gy may be the safest and most feasible. IOERT might be considered as an adjuvant
therapy for CL-HCC patients with a narrow-margin.
Keywords: centrally located hepatocellular carcinoma (CL-HCC), intraoperative electron radiotherapy (IOERT),
safety, prognosis, narrow-margin resection
INTRODUCTION

Hepatocellular carcinoma (HCC) is the third cause of cancer-
related deaths worldwide. The incidence and mortality of HCC
in China ranks the first in the world, and accounts for
approximately half of all new HCC cases (1). Surgical resection
is the main treatment method for HCC patients when liver
transplantation is unavailable (2). However, long-term outcomes
remain poor due to a high recurrence rate (5-year recurrence rate
of nearly 70%) (3).

Centrally located hepatocellular carcinoma (CL-HCC) is a
tumor located at the bifurcation of the portal vein, the confluence
of the three main hepatic veins, the inferior vena cava or within 1
centimeter (cm) of the posterior inferior vena cava trunk. Due to
its proximity to important blood vessels and bile ducts, ensuring
a safe surgical resection margin of 1 cm is difficult. Narrower
resection margins (<1 cm) and even null margins after surgery
greatly increase the possibility of recurrence after surgery. It is
reported that the recurrence rate of central liver cancer after five
years is more than 90%, and the five-year DFS is 15-30% (4, 5). It
is therefore paramount, to find efficacious adjuvant therapies that
reduce CL-HCC recurrence.

HCC is sensitive to radiation with a sensitivity equivalent to
squamous cancer cells. The local control rate of HCC is 71-100%
after radical radiotherapy (6–9). Considering that the tumor bed
tissue is at the highest risk of residual subclinical tumor cells, a
local dose escalation has been shown to decrease CL-HCC
recurrence rates most effectively (7). Intraoperative electron
radiotherapy (IOERT) delivered immediately after surgery can
reduce the spread of cancer cells. Direct visualization during
surgery guarantees an accurate dose delivery to the tumor bed
and provides greater protection of the normal tissue. In contrast
to external-beam radiation therapy (EBRT), a single high-dose of
radiation produces a higher biological effect and has the
advantages of eliminating the residual micro-lesions in the
tumor bed, and at the same time, intra- and interfractional
motion is reduced and the dose applied more homogeneously.
This technique provides more patient comfort and reduces total
treatment time by one to five weeks (10–18).

IOERT as an adjuvant therapy has been used to treat head
and neck, breast, prostate and gastrointestinal cancers, as well as
retroperitoneal and extremity sarcomas (10–18). However, the
application of IOERT is not well understood in CL-HCC
patients. It is reasonable to hypothesize that IOERT may
improve local control, and therefore, survival in CL-HCC
patients. This study assesses the long-term survival and safety
among CL-HCC patients who received adjuvant IOERT.
2

MATERIALS AND METHODS

Patient Selection
This pilot study was approved by the ethics committee of the
Cancer Hospital of the Chinese Academy of Medical Sciences
(NCC2013RE-079). The inclusion criteria were: (1) two kinds of
imaging examinations or pathologically confirmed CL-HCC
prior to surgery; (2) no preoperative radiofrequency, ablation,
intervention or chemoradiotherapy; (3) single or multiple lesions
limited to three liver segments and able to be completely
resected; (4) a resection margin of <1 cm; (5) no residual
tumor with intraoperative frozen pathology, and enough liver
tissue to ensure function; (6) an Eastern Cooperative Oncology
Group (ECOG) score ≤1, a Child-Pugh score of A, ICG clearance
(ICG. R 15) < 15%; and (7) no heart, lung, kidney, or other
serious surgical complications.

From October 2009 to November 2016, the clinical records of
37 consecutive patients diagnosed with CL-HCC treated with
IOERT as adjuvant treatment during narrow-margin resection
were retrospectively reviewed in this prospectively assembled
database. The database tracks patient medical history, family
history, comorbidities, clinical history, tumor characteristics,
diagnostic tests, therapeutic interventions, complications,
and outcomes.

Treatment
Pretreatment evaluation included medical history and physical
examination, serum biochemistry for liver function status, clear
imaging of the tumor, blood vessels and bile duct with pelvis
multiphase contrast-enhanced computed tomography (CT),
magnetic resonance imaging (MRI) or ultrasound. Surgery and
radiotherapy experts identified those suitable for IOERT.
Patients were informed of the possible benefits and potential
risks. All patients provided written informed consent.

Surgery
Preoperative examination and an exploratory laparotomy were
conducted to assess whether the tumor had metastasized, the
degree of hepatic cirrhosis, tumor location, tumor size, the
relationship between the tumor, important blood vessels and
the bile ducts. Ultrasound examination was used to diagnose
portal vein or major artery invasion. The extent of resection
included the tumor and at least 1cm of the surrounding tissue to
achieve mesohepatectomy, two- or three-segment resection,
segmentectomy or non-anatomical hepatectomy according to
the National Comprehensive Cancer Network guidelines (19).
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Intraoperative ultrasonography and a cavitron ultrasonic surgical
aspirator were used to carefully dissect and peel away the tumor
from the major vascular surface. If resection of the major vessels was
unavoidable, revascularization was performed to preserve more
liver tissue and prevent postoperative liver failure. After the tumor
was completely resected, the frozen resection margin was sent
for a quick pathological examination to confirm there was no
residual tumor before starting IOERT. Following IOERT, the
abdomen was closed after the confirmation of no active liver
bleeding, biliary fistulas and normal color of the remaining liver.

Intraoperative Electron Radiotherapy
IOERT was initiated after confirmation of the target volume by
radiotherapists and surgeons. The resected margin receiving
IOERT, only extended to the high risk area near to the major
vasculature, duct structures and the deep resected margin. The
Frontiers in Oncology | www.frontiersin.org 3
surface resection margins were at a sufficient safety distance. A
smaller target volume reduced the possibility of radiation-
induced liver damage. The desired IOERT field size and depth
were achieved via the most appropriate angle and diameter of the
applicator tube, electron beam energy, and the covering of bolus
while minimizing the exposure of the adjacent normal tissue.

The applicator tube was placed under visual control and
ranged from 3 to 10 cm in diameter, and was available in
0.5 cm steps with 0°, 15°, and 30° angles. High energy electron
(6/9 MeV) beam radiotherapy was delivered with a total dose of
15 Gy (range from 12 to 17Gy) (prescribed at the 90% isodose)
with a 0.9cm (range, 0.8-1.2 cm) median treatment depth
targeting the narrow-margin. IOERT was administered using a
Mobetron 1000 mobile intraoperative radiotherapy accelerator
(Intraop Medical Corporation, Sunnyvale, CA) in the operating
room (See Figure 1).
FIGURE 1 | The IOERT process using the Mobetron 2000 mobile electron accelerator. (A) Radiotherapists and surgeons are confirming the target volume of IOERT;
(B) The resected margin receiving IOERT, only extended to the high risk area near to the major vasculature, duct structures and the deep resected margin (the
direction of the finger); (C) The applicator tube was placed under visual control (the diameter of applicator tube was ranged from 3 to 10 cm, and was available in
0.5 cm steps with 0°, 15°, and 30° angles); (D) IOERT was administered using a Mobetron 1000 mobile intraoperative radiotherapy accelerator (Intraop Medical
Corporation, Sunnyvale, CA).
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Toxicity Criteria
Acute toxicity was evaluated one month after IOERT. Chronic
toxicity was defined as a morbidity occurring at least one month
after IOERT. Acute and chronic radiation toxicities were
evaluated according to the Radiation Therapy Oncology Group
(RTOG) and the European Organization for Research and
Treatment of Cancer (EORTC) common Toxicity Criteria,
version 4.0 (CTCAE 4.0) (Cancer Therapy Evaluation
Program, Common Terminology Criteria for Adverse Events,
Bethesda, MD, USA).

Radiation-induced liver disease (RILD) was defined as having
an elevated anicteric alkaline phosphate level at least two times of
the pre-treatment level and non-malignant ascites (classic RILD)
(20), or, elevated transaminases at least five times the pre-
treatment level (non-classic RILD) (21) in the absence of
documented progressive disease. Patients were evaluated for
RILD four months after radiotherapy. RILD was excluded
from liver injury caused by drug hepatitis, interventional
therapy, an acute outbreak of viral hepatitis, obstructive
jaundice, and intrahepatic tumor progression.

Recurrence Criteria
Recurrence was evaluated by clinical follow-up and imaging.
Abdominal ultrasound, enhanced CT and MRI were used to find
new intrahepatic, extrahepatic nodules or features of tumor
malignancy. If there was no tumor recurrence by imaging
examination but the alpha-fetoprotein (AFP) was larger than
400 ug/L for more than four weeks or 200 ug/L for more than
eight weeks after excluding for a reproductive system tumor,
pregnancy, and hepatitis, a diagnosis of tumor recurrence was
made. Recurrence was divided into intrahepatic and extrahepatic
relapse, marginal recurrence, and early and late recurrence. The
criteria for marginal recurrence were defined on whether
recurrence was inside the 1 cm surgical margin area, since
0.9 cm was the median IOERT depth. Early recurrence was
defined as within 18 months. Late recurrence was defined as 18
months or over (22).

Follow-Up and Statistical Analysis
Follow-up was every three months during the first two years, and
every six months thereafter. Follow-up included: routine blood
work, biochemical, blood clotting and tumor markers and
abdominal CT/MRI/B ultrasound analysis. Overall survival
(OS) was calculated as the time from surgical resection to
death of any cause. DFS was calculated as the time from
surgical resection to intrahepatic or extrahepatic recurrence of
CL-HCC.

Statistical analyses were performed using SPSS v22.0 (IBM
Corp, Armonk, NY). The counted data were analyzed by the T
test, and the X2 test. Survival rates were calculated using the
Kaplan–Meier method and intergroup differences compared
using the log-rank test. Prognostic factors for OS were
evaluated at the univariate level using the Cox proportional
hazards models. A two-sided P value <0.05 was considered
statistically significant in all the analyses.
Frontiers in Oncology | www.frontiersin.org 4
RESULTS

Patients, Tumors and
Treatment Characteristics
The median follow-up was 57.82 months (range, 3.75-111.41
months). Thirty-two patients (86.5%) were male. The median
age was 58 years old (range, 37-75 years old). Risk factors
included long-term drinking history (n = 5), HBV positive
status (n = 27) and cirrhosis (n = 34). All had Child-Pugh
grade A liver function. A tumor marker AFP value ≥ 400ug/L
was present in 11 patients. Thirty-three patients had single
lesions, and four patients had multiple intrahepatic lesions.
According to the American Joint Commission on Cancer
(AJCC, 7th ed.) staging system for HCC, stage T1, T2 and T3
were recorded as 20 (54.1%), 13 (35.1%) and 4 (10.8%),
respectively. Nine patients had tumor infiltration/compression
of the major vasculature, nine patients had microvascular
invasion of the tumor, and 22 patients had liver capsule
invasion of the tumor.

The median operation time was 285 minutes (range, 195-510
minutes). One patient had pleural effusion after surgery which
improved after thoracic puncture and drainage. One patient
developed acute renal failure on the second day and received
renal replacement therapy and returned to normal within one
week. There was no pulmonary infection, abdominal infection,
incision infection, massive bleeding, or death within 30 days of
surgery. The median tumor diameter was 5cm (range, 2-15cm).
Fourteen patients had a diameter >5cm and 23 patients ≤5cm. The
median applicator diameter was 5.5cm (range, 3-10cm). The
median IOERT dose was 15Gy (range, 12-17Gy), three patients
received ≤ 15Gy, 23 patients received 15Gy, and 11 patients >15Gy.
For patients’ baseline, tumors and treatment characteristics,
see Table 1.

Survival Rates
By the end of the follow-up time, five patients (13.5%) were dead,
four of which (10.8%) died from HCC related failure. Among
them, three died from liver failure caused by intrahepatic
recurrence and subsequent tumor-related treatment. One
patient died from systemic multi-organ failure caused by
multiple metastasis, and one patient with multiple bone
metastasis who was stable after treatment died from
respiratory failure due to poor lung function. The 1-year, 3-
year and 5-year OS were 91.39%, 88.34% and 88.34%,
respectively (see Figure 2A). The 1-year, 3-year and 5-year
DFS were 80.81%, 68.59% and 54.17%, respectively
(see Figure 2B).

Univariate Analysis
We analyzed which patient characteristics and treatment
parameters might be associated with survival outcomes (see
Table 2). Among patient characteristics, the following factors
entered the univariate survival analysis and demonstrated no
statistical significance: age (P = 0.291), gender (P = 0.319),
hepatitis B virus (HBV) (P = 0.372), long-term drinking (P =
0.693), AFP value (P = 0.237), tumor size (P = 0.17), histological
February 2022 | Volume 12 | Article 773301
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grading (P = 0.076), staging (P = 0.818), tumor infiltration/
compression of the vasculature (P = 0.931), tumor microvascular
invasion (P = 0.116), and tumor liver capsule invasion (P=0.47).
Among the treatment parameters, the diameter of the
IOERT applicator tube (P = 0.057) and the IOERT energy
(P = 0.255) were not statistically significant risk factors with
survival outcomes.

Patterns of Recurrence
During the follow-up, fifteen (40.5%) patients suffered from a
recurrence event (see Table 3). No patient had marginal
recurrence. Twelve patients had intrahepatic recurrence,
including nine patients with a single relapse, and three patients
with multiple relapse. Three patients had extrahepatic recurrence,
including one patient with multiple systemic metastases, one
Frontiers in Oncology | www.frontiersin.org 5
patient had intrahepatic relapse and peritoneal metastasis, and
one patient had multiple bone metastases. There were nine
patients (24.3%) with early recurrence and six patients (16.2%)
with late recurrence. Eleven (29.7%) patients received trans-
arterial chemoembolization (TACE) therapy after recurrence.
The 1-year, 3-year and 5-year intrahepatic recurrence rates were
19.75%, 25.92% and 39.58%, respectively (see Figure 2C). The
1-year, 3-year and 5-year extrahepatic recurrence rates were 2.7%,
5.95% and 9.87%, respectively (see Figure 2D).

Toxicity
Renal electrolyte, coagulation, and liver function were collected
and analyzed preoperatively and postoperatively on days 1, 3, 5,
8, and 14, and on months 1, 4, 6, 12 and 18. There were three
patients with grade 4, and 28 patients with grade 3 alanine
aminotransferase (ALT) levels, and seven patients with grade 4,
and 30 patients with grade a 3 aspartate transaminase (AST)
levels. All of them returned to normal within four months
(Figure 3). Gamma-glutamyl transferase (GGT) and alkaline
phosphatase (ALP/AKP) values were grade 1-2 and none for
grades 3-4. All the other indicators were grade 1-2, except for one
grade 3 patient with an activated partial coagulation time
(APTT) who returned to normal within two weeks (Figure 3).
None of the patients who received IOERT developed RILD.
There were no acute or chronic toxicities associated with IOERT.
DISCUSSION

To the best of our knowledge, this is the first study to illustrate
the long-term survival and safety of adjuvant therapy with
IOERT for CL-HCC. Our data revealed that IOERT is a
potentially viable adjuvant therapy for CL-HCC patients with a
narrow-margin resection.

Feasibility Considerations
Most studies have confirmed that insufficient margins can have a
16-50% recurrence rate (23–29). However, because the tumor is
adjacent to major vessels for CL-HCC patients, narrow-margin
resection is the only option, currently. CL-HCC with a RM <1cm
has an unfavorable prognosis. Several studies have found that
residual microscopic disease commonly occurs around the
primary tumour (30–33). The main reason for early recurrence
are residual microscopic lesions, a subclinical focus in the
postoperative tumor bed, and peri-hepatic tumor minification
metastasis by partial microvascular invasion (2, 3). Early
recurrence is usually multi-focal or multi-nodule recurrence, so
it is difficult to perform radical salvageable treatment (34).
Therefore, the goal of reducing marginal and early recurrence
may be achieved through microscopic lesion control. Effective
adjuvant therapy targeting the narrow margin is the key to
eradicating microscopic lesions around the main tumor.

Hepatocellular carcinoma cells have a high sensitivity to
radiation, which could mean a similar control rate to
squamous cell carcinoma is possible. The dosimetry advantages
and clinical benefits of IOERT have been demonstrated among
TABLE 1 | Demographic and clinicopathological features of the 37 patients with
radical resection combined with IOERT.

Variables Level No. of patients (%)

Age (years) Median (min–max) 58 (37~75)
≤ 60 23 (62.2)
> 60 14 (37.8)

Gender Male 32 (86.5)
Female 5 (13.5)

Chronic hepatitis HBV+ 27 (73)
Cirrhosis 34 (91.9)

Long-term drinker yes 5 (13.5)
no 32 (86.5)

AFP level (ug/L) <400 ug/L 26 (70.3)
≥400 ug/L 11 (29.7)

Tumor diameter size (cm) ≤5cm 23 (62.2)
>5cm 14 (37.8)

Number of primary tumors Single 33 (89.2)
Multiple 4 (10.8)

Histopathology grade (WHO) Well-Mid 26 (70.3)
Poor 11 (29.7)

T stage (AJCC, 7th ed.) T1 20 (54.1)
T2 13 (35.1)
T3 4 (10.8)

Tumor infiltration/compression of the major vasculature 9 (24.3)
Microvascular invasion of the tumor 9 (24.3)
Presence of microsatellites 0
Liver capsule invasion of the tumor 22 (59.5)
Intraoperative blood transfusion 12 (32.4)
Postoperative bile leakage 0
30-day operative mortality 0
The depth of IOERT (cm) Median (min–max) 0.9 (0.8~1.2)
Applicator diameter for IOERT (cm) Median (min–max) 5.5 (3~10)

≤ 5cm 19 (51.4)
>5cm 18 (48.6)

IOERT energy 6 MV 28 (75.7)
9 MV 9 (24.3)

Cone applicator angle for IOERT 0° 2 (5.4)
15° 7 (18.9)
30° 28 (75.7)

IOERT dose 12-14 Gy 3 (8.1)
15 Gy 23 (62.2)
16-17 Gy 11 (29.7)

Use of bolus 1cm 12 (32.4)
0.5cm 25 (67.6)
IOERT, Intraoperative Electron Radiotherapy; AFP, alpha-fetoprotein; AJCC, American
Joint Committee on Cancer; WHO, World Health Organization; HBV, Hepatitis B virus.
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various malignancies (10–18). In our study there were 15 (40.5%)
patients with recurrence, nine of which (24.3%) experienced
early recurrence, but no patients had marginal recurrence
compared with Yu W, et al., who reported a recurrence rate of
50.8% after resection alone (35). Similar results were also
reported by Wang WH, et al., who showed that a narrow-
margin resection for CL-HCC with a margin recurrence of
9.6% and an early recurrence of 43.4% (36). Although the
results were compared in a single center, the treatment
Frontiers in Oncology | www.frontiersin.org 6
techniques and indications were similar and comparable. These
studies indicate that narrow-margin resection combined with
IOERT may reduce marginal and early recurrence.

Our study also shows favorable outcomes. The gain in
survival is partially attributed to the reduction in marginal and
early recurrence. In our study, the 1-year, 3-year and 5-year OS
rates were 91.39%, 88.34% and 88.34%, respectively. The 1-year,
3-year and 5-year DFS rates were 80.81%, 68.59% and 54.17%,
respectively. These results compare favorably to the results of
A B

C D

FIGURE 2 | Overall survival (OS), disease-free survival (DFS) (A, B) and intrahepatic and extrahepatic recurrence curves (C, D) 37 CL-HCC patients received
narrow-margin resection combined with IOERT. IOERT, Intraoperative Electron Radiotherapy.
TABLE 2 | Univariate analysis for overall survival.

Prognostic factors HR 95% CI P-value

Age (years) (>60 vs. ≤60) 0.304 0.033-2.773 0.291
Gender (male vs. female) 0.312 0.032-3.086 0.319
HBV (positive vs. negative) 37.597 0.013-107956.335 0.372
Long-term drinker (yes vs. no) 1.559 0.172-14.105 0.693
AFP value (ug/L) (>400 vs. ≤400) 306.309 0.023-4047801.226 0.237
Tumor size (cm) (>5 vs. ≤5) 3.581 0.578-22.190 0.170
Histological grading (WHO) (well-moderate vs. poor) 0.195 0.320-1.185 0.076
Stage (AJCC, 7th ed.) (T2-3 vs. T1) 1.240 0.198-7.761 0.818
Tumor infiltration/compression of the vasculature (yes vs. no) 1.102 0.120-10.088 0.931
Microvascular invasion (yes vs. no) 4.379 0.695-27.589 0.116
Liver capsule invasion (yes vs. no) 0.444 0.049-4.018 0.470
Diameter cone applicator of IOERT (cm) (>5 vs. ≤ 5) 10.235 0.937-111.802 0.057
IOERT energy (16~17Gy vs. 15Gy) 3.287 0.423-25.539 0.255
February 2022 | Volume 12 | Article
IOERT, Intraoperative Electron Radiotherapy; AFP, alpha-fetoprotein; AJCC, American Joint Committee on Cancer; WHO, World Health Organization; HBV, Hepatitis B virus; CI,
confidence interval; HR, hazard ratio.
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Yu W, et al. during the same period and in the same hospital,
with 74.5% and 40.1% for the 3-year OS and DFS using surgery
alone, respectively (35). The 3-year OS and DSF increased by
13.84% and 28.49%, respectively. Wang WH, et al.
retrospectively analyzed the results of 181 CL-HCC with IMRT
Frontiers in Oncology | www.frontiersin.org 7
in the same hospital. The results showed that the 3-year OS with
a narrow-margin in the IMRT group, and surgery only group,
and the wide-margin (> 1cm) group, were 89.1%, 67.7% and
86.0% (P =0.009), respectively, and the 3-year DFS was 64.2%,
52.2% and 60.1% (P=0.038), respectively. Postoperative
radiotherapy may improve the effect in patients with narrow
incisions (36). Based on these trials and our data, IOERT appears
to control the residual tumor at the resection margin and
persistent residual microscopic lesions in the remnant liver
tissue surrounding primary HCC, which should decrease the
risk of early intrahepatic and extrahepatic spread through the
portal and hepatic veins. For patients at our institute with narrow
margin hepatectomy, we recommend IOERT.

Safety Considerations
While IOERT provides an opportunity for intraoperative
adjuvant radiotherapy, it is difficult to preserve normal liver
function. In our 37-patient study, most (95%) had multiple risk
factors: fourteen patients had a tumor diameter >5cm, nine
patients had tumor infiltration/compression of the major
vasculature, nine patients had microvascular invasion of the
tumor, and 34 patients had cirrhosis. Only one patient
developed acute renal failure on the second day after surgery
and returned to normal after one week in intensive care.
Although there were changes in liver function before and after
surgery, AST and ALT returned to normal within four months.
There was no RILD found during follow-up.

Two small studies have reported on postoperative
complications after IOERT adjuvant therapy. In a similar case
control analysis by Xu C, et al. the liver function indicators in the
two groups increased and recovered in a similar manner
(P >0.05), without RILD occurence (37). Liu YH, et al. used a
prospective cohort study to analyze the results of CL-HCC
combined with IOERT, which was similar to our findings.
With a prolonged surgical time, IOERT was safe and feasible
(38). Taking all these findings into account, we conclude that
IOERT adjuvant therapy does not increase the postoperative
complication rate as was commonly thought. IOERT is safe as an
adjuvant treatment for CL-HCC patients.

In the univariate analysis, none of the patients, tumor
characteristics or IOERT parameters were predictive of overall
survival. Since 2009, we have employed IOERT energy between
12 and 17Gy combined with adjuvant treatment without causing
serious side effects. The current target volume and dose of
IOERT may be suitable to improve tumor control despite the
limited number of patients analyzed. We suggest that IOERT at
15Gy, at present, is the most appropriate dose as more energy
does not appear to convey anymore benefits.

Limitations
This was a retrospective cohort study using prospectively
collected data, which minimized potential differential
information bias. However, there are still some limitations.
This was a single-institutional analysis. Therefore, the
associated limitations need to be considered when interpreting
these results. Besides, this pilot study included only a small
number of patients receiving IOERT following narrow-margin
A

B

FIGURE 3 | Changes in ALT and AST (A), TBIL and APTT (B) before and after
narrow-margin resection combined with IOERT treatment. IOERT, Intraoperative
Electron Radiotherapy; ALT, alanine aminotransferase; AST, aspartate
transaminase; TBIL, total bilirubin; APTT, activated partial coagulation time.
TABLE 3 | Pattern of recurrence.

Variable No. of patients (%)

Total recurrence 15 (40.5)
Time to recurrence
early recurrence (≤18 months) 9 (24.3)
late recurrence (>18 months) 6 (16.2)

Intrahepatic recurrence 12 (32.4)
marginal recurrence 0
single nodule 9 (24.3)
Multiple nodules 3 (8.1)

Extrahepatic recurrence 3 (8.1)
Treatment after recurrence
TACE 11 (29.7)
RFA 1 (2.7)
Chemotherapy 1 (2.7)
Molecular targeted therapy 1 (2.7)
surgery 1 (2.7)
TACE, trans-arterial chemoembolization; RFA, radiofrequency ablation.
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resection for CL-HCC. It is difficult to adequately adjust for all
potential confounding factors. However, the data does provide a
rationale for developing well-designed clinical trials.
CONCLUSIONS

This study revealed that IOERT as an adjuvant therapy for
narrow-margin CL-HCC may achieve good long-term survival
outcomes, without significantly increasing toxic side effects. It is
suggested that an IOERT dose of 15Gy may be administered
immediately after the tumor is resected with a surgical margin of
approximately 1 cm. However, prospective studies with larger
patient cohorts are needed to confirm these results.
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