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Simple Summary: We conducted a multi-institutional survey of carbon-ion radiotherapy (CIRT) for
locally advanced adenocarcinoma (LAAC) of the uterine cervix. We retrospectively analyzed the
clinical outcomes of patients with stage IIB-IVA LAAC of the uterine cervix who underwent chemo-
CIRT or CIRT alone between April 2010 and April 2016. Fifty-five patients were enrolled in this
study. The median follow-up period was 67.5 months. The 5-year overall survival (OS) and local
control (LC) rates were 68.6% and 65.2%, respectively. Multivariate analysis showed that the initial
tumor response within 6 months was significantly associated with LC and OS. The present study
represents promising outcomes of CIRT or chemo-CIRT for LAAC of the uterine cervix, especially
in the cases showing initial rapid regression of the tumor.

Abstract: The clinical significance of carbon-ion radiotherapy (CIRT) for adenocarcinoma (AC) of
the uterine cervix has been assessed in several single-institutional studies. To validate the signifi-
cance, we conducted a multi-institutional survey of CIRT for locally advanced AC (LAAC) of the
uterine cervix. We retrospectively analyzed the clinical outcomes of patients with stage IIB-IVA
LAAC of the uterine cervix who underwent chemo-CIRT or CIRT alone between April 2010 and
April 2016. Patients received 74.4 Gy (relative biological effectiveness [RBE]) in 20 fractions of CIRT
or 55.2 Gy (RBE) in 16 fractions of CIRT plus 3 sessions of brachytherapy. Patients aged <70 years
with adequate bone marrow and organ function were administered cisplatin weekly (40 mg/m?2 per
week for up to 5 weeks). Fifty-five patients were enrolled in this study. The median follow-up period
was 67.5 months. The 5-year overall survival (OS) and local control (LC) rates were 68.6% and 65.2%,
respectively. Multivariate analysis showed that the initial tumor response within 6 months was sig-
nificantly associated with LC and OS. The present study represents promising outcomes of CIRT or
chemo-CIRT for LAAC of the uterine cervix, especially in the cases showing initial rapid regression
of the tumor.
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1. Introduction

Uterine cervical cancer is the fourth most common type of cancer among women worldwide. In 2018, the global
incidence of uterine cervical cancer was estimated to be 569,000, and 311,000 women died from the disease [1]. Out of
the different histological types of uterine cervical cancer, squamous cell carcinomas account for approximately 80% of
all cervical cancers, and adenocarcinoma (AC) accounts for approximately 20% [2]. The incidence of adenocarcinoma
of the uterine cervix has been on the rise [3,4].

Cisplatin-based concurrent chemoradiotherapy (CCRT) has been the standard treatment regimen for locally ad-
vanced cervical cancer as established by phase III randomized clinical trials and meta-analyses [5-9]. AC of the uterine
cervix is known to be less radiosensitive than cervical squamous cell carcinoma. In fact, previous studies with radiation
therapy (RT)/CCRT treatment showed lower local control (LC) rates for AC of the uterine cervix than cervical squamous
cell carcinoma. The 5-year LC rates for patients who received CCRT for AC of the uterine cervix were 36-58% [10-13].
Since the use of image-guided brachytherapy (IGBT) has been accepted as a treatment for cervical cancer [14], several
studies have reported improved LC rates [15,16]. Nevertheless, many recent reports indicate that patients with AC
continue to have lower LC rates [17,18]. Therefore, new therapeutic strategies are required for AC of the uterine cervix.

Carbon-ion (C-ion) beams have improved dose-localization properties and also has a high linear energy transfer
in the Bragg peak, which is a biological advantage [19,20]. Due to these advantages, CIRT has been applied to various
types of malignancies, including uterine cervical cancer [21]. We have investigated the clinical significance of CIRT for
locally advanced AC (LAAC) of the uterine cervix for decades [22-25]. Wakatsuki et al. reported that the 5-year LC rate
for CIRT was 55% [22]. Previously, we reported the feasibility of concurrent cisplatin use coupled with CIRT for uterine
cervical cancer [24]. In that study, the concurrent administration of 40 mg/m?2 of cisplatin coupled with CIRT was toler-
able and showed favorable clinical outcomes. The two-year LC and overall survival (OS) rates were 71% and 88%,
respectively [24]. We recently reported the long-term significance of concurrent weekly cisplatin and CIRT (chemo-
CIRT) for LAAC of the uterine cervix in a propensity score-matched analysis [25]. Thus, chemo-CIRT for LAAC is a
promising therapeutic strategy.

However, these previous studies are single-institutional investigations. = A multi-institutional investigation is
warranted to validate the clinical significance of CIRT or chemo-CIRT for LAAC. Here, we report the results of a multi-
institutional survey on CIRT or chemo-CIRT for LAAC of the uterine cervix.

2. Results

2.1. Patients and Tumor Characteristics

Fifty-five patients met our eligibility criteria. The median age of the patients was 55 years (range, 2681 years).
Thirty-seven patients had stage 1IB, 15 had stage IIIB, and 3 had stage IVA disease. The median tumor size was 5.3 cm
(range, 2.8-12.0 cm). Twenty-two patients had pelvic lymph node metastasis before the treatment. Thirty-six patients
received chemo-CIRT, while 19 patients received CIRT alone. Fifty patients had AC, and five patients had adenosqua-
mous carcinoma. The patient and tumor characteristics are shown in Table 1.

Table 1. Patients and tumor characteristics (n = 55).

Characteristics n=>55
Age (median), years 26-81 (55)
Follow-up period (median), months 6.3-109.6 (67.5)
FIGO stage (2008)
1B 37
I11B 15
IVA 3
Histological subtypes
Endocervical adenocarcinoma, usual type 14
Mucinous adenocarcinoma 10
Mucinous carcinoma, gastric type 1
Mucinous carcinoma, signet-ring cell type 1
Endometrioid adenocarcinoma 12

Clear cell adenocarcinoma 3
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Serous Adenocarcinoma 3

Mesonephric adenocarcinoma 1

Adenocarcinoma, NOS 5

Adenosquamous carcinoma 5
Pelvic LN metastasis

No 33

Yes 22
Tumor size (median), cm 2.8-12.0 (5.3)
Weekly CDDP administrations

No 19

Yes 36

FIGO = International Federation of Gynecology and Obstetrics; NOS = not otherwise
specified; LN = lymphnode; CDDP = cisplatin.

2.2. Treatment Efficacy and Prognostic Factors
The median follow-up period was 67.5 months. In terms of initial tumor response based on the Response Evalua-

tion Criteria in Solid Tumors (RECIST) criteria, 41 (74.6%) patients achieved complete response (CR), 13 (23.6%) patients
achieved partial response (PR), and one (1.8%) achieved stable disease. Twenty patients had local tumor recurrence
before the final follow-up. Of 20 patients who had local recurrence, six patients received salvage surgery. Post-surgery,
four patients were local-disease-free, and two patients showed re-recurrence in the local region by the final follow-up
date. Twenty-one patients died before the final follow-up date, out of which 18 died from the AC of the uterine cervix
and three died due to other reasons (pulmonary thromboembolism, secondary malignancy, and old age). The 5-year
OS, LC, and DSF were 68.6 (95% confidence interval [CI] 56.2-81.0%), 65.2 (95% CI 52.1-78.3%), and 44.1% (30.8-57.4%),

respectively (Figure 1).

1.0
0.8
68.6%
65.2%
> 06
% 44.1%
€ 04 o
o
5-year (95% CI)
0.2 — 0S8 0S: 68.6% (56.2—-81.0%)
— LC LC: 65.2% (52.1-78.3%)
0.0 — DFS DFS: 44.1% (30.8-57.4%)
0 12 24 36 48 60
N . Months after treatment
0. at risk
0Ss 55 52 47 40 39 32
LC 55 44 37 32 30 25
DFS 55 36 30 23 23 20

Figure 1. Kaplan-Meier curves of overall survival, local control, and disease-free survival rates for all

patients analyzed. Number at risk is shown below the figure.
Abbreviations: OS, overall survival; LC, local control; DFS, disease-free survival; CI, confidence interval.
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Table 2A shows the results of univariate analyses for prognostic factors in each clinical outcome. Median values
were used to set the cutoff value for tumor size (5.3 cm). International Federation of Gynecology and Obstetrics (FIGO
2008) staging was significantly associated with OS in the univariate analysis (5-year OS: IIB versus IIIB-IVA, 75.4%
versus 54.3%, p =.019). Additionally, initial tumor response was significantly associated with LC (5-year LC: CR versus
non-CR, 76.8 versus 28.9, p < .001), DFS (disease-free survival) (5-year DFS: CR versus non-CR, 53.2% versus 15.5%, p =
.001), and OS (5-year OS: CR versus non-CR, 82.6% versus 28.6%, p <.001). However, none of the other factors, including
pelvic lymph node metastasis, tumor size, and concurrent use of cisplatin, were significantly correlated with the clinical
outcomes. A multivariate analysis based on the Cox proportional-hazards model showed that the initial tumor response
was significantly associated with LC (p =.003, hazard ratio [HR]: 0.227), DFS (p =.002, HR: 0.264), and OS (p =.002, HR:
0.253) (Table 2B).

Table 2A. Assessment of prognostic factors with univariate analysis.

Factor No. of LC DFS OS
patients 5-year  pvalue  5-year  pvalue  5-year  pvalue
(%) (%) (%)
FIGO stage (2008) 0.243 0.684 0.019
1IB 37 71.8 48.6 75.4
IIIB-IVA 18 50.8 33.2 54.3
Pelvic LN 0.221 0.274 0.572
metastasis
No 33 60.5 48.9 72.2
Yes 22 73.5 40.5 63.3
Tumor size 0.896 0.392 0.741
=<5.3 cm 27 68.9 38.3 67.6
>5.3 cm 28 61.6 50.2 70.2
Concurrent CDDP 0.827 0.805 0.102
No 19 65.4 46.3 57.4
Yes 36 65.4 42.9 71.2
Initial tumor <0.001 0.001 <0.001
response
CR 41 76.8 53.2 82.6
Non-CR 15 28.9 15.5 28.6

No. = number; LC =local control; DFS = disease-free survival; OS = overall survival; FIGO = International
Federation of Gynecology and Obstetrics; LN = lymphnode; CDDP = cisplatin; CR = complete response.

Table 2B. Assessment of prognostic factors with multivariate analysis.

LC DFS oS

Factor pvalue HR(95%CI) pvalue HR@O5%CI) pvalue HR (95% CI)
FIGO stage (2008) 0.672 - 0.767 - 0.075 -
Pelvic LN metastasis 0.286 - 0.664 - 0.611 -
Tumor size (=<5.3 cm) 0.972 - 0.261 - 0.336 -
Concurrent CDDP 0.838 - 0.826 - 0.181 -

., 0.227 0.264 0.253

Initial tumor response 0.003 (0.086-0.598) 0.002 (0.115-0.610) 0.002 (0.104-0.615)

LC =local control; DFS = disease-free survival; OS = overall survival; HR = hazard ratio; CI = confidence interval;
FIGO = International Federation of Gynecology and Obstetrics; LN = lymphnode; CDDP = cisplatin.

2.3. Relationship between Clinical Outcomes and Histological Subtypes

Next, we assessed the LC and DFS rates according to the histological subtypes of AC. The histological subtypes
were divided into five groups: (i) adenosquamous carcinoma (Adsq), (ii) endometrioid AC, (iii) mucinous AC, including
usual type, gastric type, and signet-ring cell type, (iv) other subtypes, including clear cell, serous, and mesonephric AC,
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and (v) AC not otherwise specified (NOS). The AC NOS group consisted mainly of poorly differentiated tumors. The
5-year LC rates were statistically different between Adsq and AC NOS (100% and 20%, respectively, p = .016), as well
between endometrioid AC and AC NOS (80% and 20%, respectively, p =.024) (Figure 2A). The 5-year DFS rates were
statistically different between endometrioid and mucinous AC (67% and 32%, respectively, p =.016) (Figure 2B).

(A) (B) ) .
Local control Disease-free survival
100% = Lo
1.0 .
*p=.026
83%T
0.8 o 0.8
71% :"l_‘_‘ 67%*
2 9 = 60%
= 0.6 | 58% = 06 -
= T _'-\L 57%
<] * o= o
£ .. p=.016 2.,
) tp=.024 : - 32%%
—— Adsq (n=5) —— Adsq (n=5)
02 T Endometrioid (n=12) 20% t 0.2| — Endometrioid (n=12) —20:%
| = Others (clear cell, serous, and mesonephric) (n=7) 7| —— Others (clear cell, serous, and mesonephric) (n=7)
—— Mucinous (n=26) — Mucinous (n=26)
0.0 — NOS (n=5) 0.0 — NOS (n=5)
0 12 24 36 48 60 0 12 24 36 48 60
No. at risk Months after treatment No. at risk Months after treatment
Adsq 5 5 5 4 4 3 Adsq 5 4 4 3 3 3
Endometrioid 12 10 9 8 8 8 Endometrioid 12 10 9 8 8 8
Others 7 5 5 5 5 3 Others 7 4 4 3 3 2
Mucinous 26 22 15 14 12 10 Mucinous 26 16 11 8 8 6
NOS 5 3 3 1 1 1 NOS 5 2 2 1 1 1

Figure 2. Kaplan-Meier curves of (A) local control and (B) disease-free survival rates classified by histological
subtypes. Number at risk is shown below figures.
Abbreviations: Adsq, adenosqumous; NOS, not otherwise specified.

2.4. Acute and Late Toxicities

The acute and late toxicities observed in patients are listed in Tables 3A-3C. In terms of acute toxicity among
patients, only 4 developed Grade 3 toxicity, and none of the patients developed Grade 4 toxicity. No statistical differ-
ences were observed in the incidence of acute toxicity between the CIRT and chemo-CIRT groups (Table 3A, 3B).

Table 3A. List of acute hematological toxicities.

Neutrophil decreased | Hemoglobin decreased Platelet decreased
Treatment  Number of Grade Grade Grade
regimen patients
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
CIRT alone 19 4 4 0 1 0|5 6 7 1 0}19 0 0 0 O
Chemo-
CIRT 36 24 4 6 2 07 23 6 0 01]28 6 2 0 O
CIRT alone 19 18 1 18 1 19 0
Chemo-
CIRT 36 34 2 36 0 36 0
p-value 0.929 0.168 N/A

CIRT = carbon-ion radiotherapy; N/A = not available.
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Table 3B. List of acute non-hematological toxicities.

Nausea/Vomiting Lower gastrointestinal Genitourinary
Treatment Number of Grade Grade Grade
regimen patients
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
CIRT alone 19 6 2 1 0 o0}7 11 1 0 0|15 4 0 0 O
Chemo-
CIRT 36 14 15 6 1 0|8 24 4 0 0132 4 0 0 O
CIRT alone 19 19 0 19 0 19 0
Chemo-
CIRT 36 35 1 36 0 36 0
p-value 0.463 N/A N/A

CIRT = carbon-ion radiotherapy; N/A = not available.

Only one patient developed Grade 3 rectum/sigmoid toxicity in the CIRT group in terms of late toxicity. Mean-
while, four patients developed Grade 3 or worse rectum/sigmoid toxicity, and three patients developed Grade 3 geni-
tourinary toxicity in the chemo-CIRT group (one patient developed Grade 3 in both rectum/sigmoid and genitourinary
toxicities; six patients developed Grade 3 or worse late toxicity in chemo-CIRT group). Of six patients who developed
Grade 3 or worse late toxicity in the chemo-CIRT group, three patients received salvage surgery. No statistical differ-
ences were observed in the incidence of late toxicity between the CIRT and chemo-CIRT groups (Table 3C).

Table 3C. Late non-hematological toxicities.

Rectum/sigmoid Small intestine Genitourinary
Treatment  Number of Grade Grade Grade
regimen patients
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
CIRT alone 19 0% 8 0o 1 0|16 3 0 0 O0}(12 5 2 0 0
Chemo-
36 9 18 5 3 25 11 0 0 0|2 6 5 3 0
CIRT
CIRT alone 19 18 1 19 0 19 0
Chemo-
36 32 4 36 0 33 3
CIRT
p-value 0.473 N/A 0.195

CIRT = carbon-ion radiotherapy; N/A = not available.

* One patient required colostomy when salvage operation performed, another patient required colostomy due to
local tumor recurrence, the other patient required colostomy due to radiation proctitis.

1t Two patients required urinary diversion surgery when salvage operation performed, the other patient had T4a
disease (bladder invasion) and developed vesicovaginal fistula after treatment.

3. Discussion

This study is the first multi-institutional study to assess the long-term outcomes of CIRT or chemo-CIRT for LAAC.
A recent systematic review showed that CIRT could be considered a safe, effective, and feasible therapy for gynecolog-
ical carcinomas [31]. However, all of the previous studies on CIRT for gynecological carcinomas, including AC of the
uterine cervix, were single-institutional surveys. Previously conducted phase I/Il studies assessing the feasibility of
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CIRT for LAAC showed that 5-year LC and OS rates were 55% and 38%, respectively [22]. A recent phase I/II study
assessing the feasibility of concurrent cisplatin administration with CIRT for LAAC showed that 2-year LC and OS rates
were 71% and 88%, respectively [23]. The present study on CIRT or chemo-CIRT for LAAC shows 5-year LC and OS
rates of 65% and 69%, respectively. As shown in Table 4, preceding studies of conventional RT or CCRT reported 5-year
OS rates of up to 33% for LAAC of the uterine cervix [10-13,32-34]. Some of these studies consisted of CCRT with IGBT
including interstitial brachytherapy; nevertheless, the clinical outcomes have not been improved [32,33]. Thus, CIRT or
chemo-CIRT seems to be another promising strategy for LAAC of the uterine cervix.

Table 4. Review of previous literature and this study.

5y LC 5y OS
Author (year) Stage No. Treatment
(%) (%)
Eifel PJ (1990) 1I-1v 48 RT 52% 31%
Farley JH (2003) III 13 RT/CCRT N/R 32%
Niibe Y (2010) 111B 61 RT/CCRT 36% 20%
III 38 58%
Huang YT (2011) VA 3 RT/CCRT 0% N/R
. CCRT o
Yokoi E (2017) IIB-IVA 24 (IGBT) N/R 27%
RT/CCRT 62%
i Y (202 I-1IVA 26%
Miyasaka Y (2020) \Y 35 (IGBT) (IB-IVA) 6%
I 149 33%
Zhang ] (2020) III 65 CCRT N/R 33%
IVA 49 9%
Present study IIB-IVA 55 CIRT/ 65% 69%
(2021) (Good responders®) 41 chemo-CIRT (77%) (83%)

RT = radiotherapy; CCRT = concurrent chemo-radiotherapy; N/R = not reported; IGBT = image-guided brachy-
therapy; CIRT = carbon-ion radiotherapy; Chemo-CIRT = chemo-carbon-ion radiotherapy.

*Good responders indicate patients who achieved CR at six months post-treatment in accordance with the RECIST
vll.

Although we previously demonstrated that chemo-CIRT for LAAC of the uterine cervix is associated with a long-
term survival benefit using a propensity score-matched analysis, especially in stage IIIB disease [25]. In terms of prog-
nostic factors based on the clinical outcomes of the present study, concurrent uses of chemotherapy did not affect LC,
DSF, or OS rate. This discrepancy may be explained by the selection criteria or bias for the patients. The patients who
received chemo-CIRT had adequate organs and bone marrow function and were <70 years of age. As demonstrated in
the current study [25], patients with LAAC of the uterine cervix should be treated with chemo-CIRT if patients have
adequate organs and bone marrow functions. However, even if the patient was not administered concurrent chemo-
therapy, CIRT alone showed comparable and favorable results compared to chemo-CIRT for LAAC of the uterine cer-
vix. This finding encourages the use of CIRT for patients who do not have adequate organs and bone marrow function
or for elderly patients. It is worth noting that the initial tumor response at 6 months post-treatment was significantly
associated with LC, DFS, and OS in the present study. In the case of definitive RT being performed for uterine cervical
cancer, very few reports have investigated the prognostic factors specific to AC of the uterine cervix. Yokoi et al. demon-
strated that a large tumor size and incomplete response to RT were independent prognostic factors for DFS in patients
with AC of the uterine cervix when definitive RT was performed [32]. The fact that tumor size was not associated with
any clinical outcomes in this study may have been the result of the inherent biological advantage of CIRT. Considering
the slow shrinkage of AC of the uterine cervix post-treatment, careful monitoring of up to 6 months after CIRT is needed.

Recent propensity score matching analyses and a population-based analysis demonstrated that patients with AC
or Adsq are associated with poor survival outcomes than those with squamous cell carcinoma [32,34,35]. In addition,
several studies have suggested that AC is different from squamous cell carcinoma based on its molecular pathogenesis
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[36,37]. However, there are very few studies on whether the subtypes of AC of the uterine cervix affects prognosis. In
the present study, Adsq or endometrioid AC showed a favorable prognosis compared to mucinous AC or AC NOS
(consisting mainly of poorly differentiated tumors). The molecular biological differences between the histological sub-
types of AC of the uterine cervix have not been elucidated yet. Further studies with a larger number of patients are
needed to determine whether the prognosis varies for each histological subtype. Understanding the biological differ-
ences between the histological subtypes may lead to an appropriate treatment strategy for AC of the uterine cervix in
the future.

In terms of acute toxicity, only four patients developed Grade 3 or worse toxicities in all 55 patients in the present
study. Out of 36 patients who received chemo-CIRT, only two (6%) developed Grade 3 hematological toxicities. In a
systematic review, Kirwan et al. reported that the incidence of acute hematological toxicities of grade >3 was up to 27.6%
for conventional CCRT [38]. Lower incidence of acute toxicity in our study may be explained by the excellent dose
distribution of CIRT, which reduces the dose to the bone marrow in the pelvic region. In terms of late toxicity, only one
out of 19 patients developed Grade 3 toxicity in the CIRT group. Meanwhile, six out of 36 patients developed Grade 3
or worse toxicity in the chemo-CIRT group. No statistical differences were observed in the incidence of late toxicity
between the CIRT and chemo-CIRT groups. In fact, three of six patients who developed Grade 3 or worse late toxicity
in the chemo-CIRT group received salvage surgery. Thus, concurrent use of cisplatin with CIRT does not exacerbate the
late toxicities of CIRT. The use of salvage surgery is carefully considered for the central recurrence of the uterine cervix
cancer when prior conventional RT is performed [2]. Indeed, of the 20 patients who had local recurrence, six patients
received salvage surgery, out of which four patients were local-disease-free by the final follow-up date in our study.
Although deep consideration for late toxicity is needed, salvage surgery may be a treatment option for central-recurrent
cases when CIRT as well as conventional RT are applied.

One limitation of the present study is that it was retrospective in nature, and there may have been time-based differences
in patient care. We are currently conducting a nationwide prospective registration and patient follow-up of CIRT and
chemo-CIRT for patients with LAAC of the uterine cervix. This data obtained from this patient cohort will validate the
results of our present study.

4. Materials and Methods
4.1. Eligibility

Patients who received CIRT for LAAC between April 2010 and April 2016 and who met the following eligibility
criteria were enrolled: (i) histologically proven AC of the uterine cervix, (ii) FIGO Stage IIB to IVA, (iii) abdominal
computed tomography (CT) did not reveal lymph nodes > 1 cm in diameter in the abdominal para-aortic region; (iv) no
prior treatment for cervical cancer; and (v) estimated survival period of at least 6 months. In addition, patients who
received chemo-CIRT were <70 years of age and with adequate bone marrow (hemoglobin level, 10.0 g/dL; leukocyte
count, 3000/mL; and platelet count, 100,000/mL), renal, and hepatic (serum creatinine level, <1.5 mg/dL; total bilirubin
level, <1.5 mg/ mL; aspartate/alanine aminotransferase level, <100 IU/dL) function. The exclusion criteria for this study
were (i) unmanageable, critical complications, (ii) active double cancer, (iii) rectal invasion of the tumor, and (iv) a
history of pelvic and abdominal RT or chemotherapy.

All patients underwent contrast-enhanced chest-abdomen-pelvis computed tomography (CT), pelvic magnetic res-
onance imaging (MRI), and 18F-fluorodeoxyglucose positron emission tomography-CT scans for oncologic staging be-
fore beginning treatment. Tumor size was assessed by pelvic examination and MRL

4.2. Carbon-ion radiotherapy

The treatment procedures are described in detail in previous reports [22-25]. A set of 2.0- or 2.5-mm-thick CT
images was used for treatment planning and dose calculation, and the evaluations were performed using XiO-N ((EI-
ekta, Stockholm, Sweden) or XiO-N2 software (National Institute of Radiological Sciences, Chiba, Japan). The radiation
dose was calculated for the target volume and normal surrounding structures, and was expressed in Gy (relative bio-
logical effectiveness [RBE]), which was defined as the physical dose multiplied by the RBE of the C-ions using the Kanai
model [20,26].

CIRT for LAAC of the uterine cervix consisted of whole pelvic irradiation and local boost [22-25]. Details of the
target definitions are described in Supplementary table 1. Whole-pelvic irradiation (PTV (planned target volume) 1),
irradiation of uterus with tumor infiltrating region and swollen pelvic lymph nodes (PTV2), and local tumor (PTV3)
boost irradiation were performed by CIRT. The irradiation for PTV3 was substituted with three sessions of 3D-IGBT.
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CIRT was administered once daily for four days a week (Tuesday to Friday). The 3D-IGBT for PTV3 was administered
in three sessions in two weeks.

At each treatment session of CIRT, the patient was positioned using an orthogonal digital X-ray positioning system.
The patients were given laxatives to prevent constipation during the treatment period. To minimize internal motion,
100-150 mL of normal saline was injected into the bladder. During the CIRT for PTV2 or PTV3, vaginal packing (i.e.,
cotton pads soaked in contrast medium) or vaginal devices [27] were used to allow visualization of the surface of the
cervix by an X-ray.

The CIRT dose was prescribed at the isocenter of the PTVs. A standard regimen of CIRT without brachytherapy
included a total dose of 36.0 Gy to the cervical tumor in 12 fractions for the PTV1, 19.2 Gy (RBE) in 4 fractions for the
PTV2, and 19.2 Gy (RBE) in 4 fractions for PTV3. The IGBT dose for PTV3D90 (minimum dose delivered to 90% of the
PTV3) was set as 6 Gy per fraction. The treatment outline and dose fractionation schedule are shown in Supplementary
figure 1.

4.3. Chemotherapy

A weekly cisplatin dose of 40 mg/m2 was administered during the treatment period for up to five courses. Chem-
otherapy was discontinued if: (1) the patient developed hematological toxicity >3 grade, (2) serum creatinine levels were
>1.5 mg/dL or (3) aspartate and alanine aminotransferase levels were >100 IU/dL. Chemotherapy was also discontinued
if the patient developed >3 grade complications in the GI tract or urinary system.

5. Conclusions

In conclusion, we reported the results of a multi-institutional survey on CIRT or chemo-CIRT for LAAC of the uterine
cervix. Considering the favorable outcomes of the present study, CIRT or chemo-CIRT for LAAC of the uterine cervix
can be a new strategy for this disease.

Supplementary Materials: Figure S1: Outline of treatment of the present study, Table S1: Details of target definitions.
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