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ABSTRACT

The aims of this study were to clarify the safety and efficacy of 12-fraction
carbon-ion radiotherapy (CIRT) for primary renal cell carcinoma (RCC) and to confirm
the recommended dose in a prospective clinical trial.

This clinical trial was planned as a non-randomized, open-label, single-center
phase I/II study of CIRT monotherapy. The incidence of acute adverse events was
the primary endpoint. Dose-limiting toxicities (DLTs) were defined as grade =3 skin,
gastrointestinal tract, or urologic adverse events.

Based on the eligibility criteria, 8 patients with primary RCC, including 3
medically inoperable patients and 5 patients with tumors >4 cm, were enrolled. Of
the 8 patients, 5 were treated with 66 Gy (relative biological effectiveness [RBE]),
and subsequently, the dose was escalated to 72 Gy (RBE) for the remaining 3
patients. The median follow-up time was 43.1 months. No DLTs were observed at
any dose level though the end of follow-up. Although 1 patient died of pneumonia
3 months after CIRT, which was determined to be unrelated to CIRT, no grade 3 or
higher adverse events were observed, and both local control and cancer-specific
survival rates were 100%.

In conclusion, the safety and efficacy of CIRT hypofractionation using 12-fractions
for the treatment of eligible RCC patients, including those with inoperable or tumor
size >4 cm, were confirmed in this prospective trial, and a recommended dose of 72
Gy (RBE) was established.
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INTRODUCTION

The gold standard treatment for patients with renal
cell carcinoma (RCC) is surgical removal of the primary
tumor via partial nephrectomy or radical nephrectomy [1].
In patients with localized small RCCs (<4 cm, stage Ia),
ablative therapies such as cryotherapy and radiofrequency
ablation are now offered as radical treatments with active
surveillance employed for elderly patients or patients with
comorbidities [1]. However, no standard radical treatment
options are available for RCC patients with large localized
tumors (>4 cm) or for those who are ineligible for surgery
due to advanced disease stage, comorbidities, advanced
age, or refusal of surgery.

The Hospital of the National Institute of
Radiological Sciences (NIRS) started using carbon-
ion radiotherapy (CIRT) to treat primary RCC in 1997.
CIRT offers not only higher dose concentrations but also
increased biological efficacy due to an inherently high-
linear energy transfer, compared to those of novel x-ray
technologies such as stereotactic ablative radiotherapy
(SABR)/stereotactic body radiotherapy (SBRT) [2, 3].

We previously reported the results of a pilot study of
CIRT for primary RCC [4]. In addition, patients undergoing
primary 16-fraction CIRT with long-term follow-up were
retrospectively analyzed, with a local control rate of 94.1%
and limited severe adverse events in patients without
definitive renal comorbidities, such as diabetic nephropathy,
sclerotic kidney, or solitary kidney [5]. Subsequently, a
prospective clinical trial of 12-fraction CIRT for primary
RCC was performed to reduce the patient burden of
treatment, aiming to confirm the safety of treatment and
dose recommendations. These results are reported herein.

RESULTS

Five patients were treated with 66 Gy (relative
biological effectiveness [RBE]) without dose-limiting
toxicity, and subsequently the dose was escalated to
72 Gy (RBE) for the next three patients. No further
dose escalation was performed above 72 Gy (RBE).
This clinical trial was censored to March 2017 due to
difficulty with patient accrual, although the registration
time was extended for 2 additional years. The final
patient population consisted of these 8 patients, whose
characteristics are provided in Table 1. The average age
of the 8 patients was 71.0 £ 10.4 years, and the median
tumor size was 4.3 (range, 2.9-8.2) cm. Of the 8 patients,
3 were deemed medically inoperable (#2, #6, and #7). One
(#1) had an atrophic contralateral kidney, which generally
necessitates postoperative dialysis. Among the 8 patients,
two histologically- and six radiologically-proven RCCs
were evaluated post-CIRT over a median follow-up of
43.1 (range, 3.0-62.0) months.

No acute worsening of renal function grade or other
CIRT-related acute toxicities, including acute systemic

symptoms such as nausea or vomiting, were observed,
with the exception of grade 1 skin reaction. Late grade >2
CIRT-related adverse events external to the kidney were
not observed. With respect to renal adverse events, the
average decrease in estimated glomerular filtration rate
(eGFR) by the end of follow-up was 10.8 mL/min./1.73 m?
in 6 patients; the patient with atrophic contralateral kidney
(#1) and a patient who died of pneumonia 3 months post-
CIRT (#2) were excluded from this analysis. No patients
progressed to grade >3 chronic kidney disease. No dose-
limiting toxicities (DLTs) were observed at any dose
level. Based on these results, the recommended dose was
determined to be 72 Gy (RBE) and was employed as the
higher prescribed dose in this study.

In one patient (#2, an 89-year old male) who died of
pneumonia, CIRT was performed on RCC located in the
lower pole of his right kidney, with no lung irradiation. He
returned to the hospital 3 months later with dyspnea, which
on CT was thought to be due to infectious pneumonia. His
condition deteriorated after transfer to a local emergency
center, and he died the following day. This was judged to
be unrelated to CIRT.

None of the 7 living patients received alternative
treatment pre- or post-CIRT for RCC, including systemic
therapy such as interferon-a or molecular targeted therapy
during this study, and both the local control and cancer-
specific survival rates were 100%. Figure 1 shows the
morphologic changes of the RCC in the left kidney on
contrast-enhanced magnetic resonance imaging (MRI) in
patient #1 at pre- and post-CIRT at 1 to 5 years, along with
the dose distribution.

DISCUSSION

The only previous studies conducted with CIRT for
RCC have been retrospective, primarily 16-fraction CIRT
studies [4, 5]. To the best of our knowledge, this is the first
prospective trial of primary RCC treated with 12-fraction
CIRT, although this phase I/II study was not completed,
partly due to insufficient enrollment of patients. The
present study achieved low toxicity both within and
outside the kidney, with favorable treatment efficacy at
a median follow-up of 43.1 months, and established a
recommended dose of 72 Gy (RBE).

Following CIRT, the average decrease in eGFR of 6
evaluable patients was 10.8 mL/min/1.73 m?. We previously
showed an average eGFR decrease of 6.1 mL/min/1.73 m?
with a median follow-up of >6 years for patients without
definitive renal comorbidities such as diabetic nephropathy,
sclerotic kidney, or solitary kidney [5]. This prospective
study similarly showed an e¢GFR decrease following
CIRT comparable to that after partial nephrectomy or
SBRT/SABR [6-8]. In addition, although contralateral
kidney atrophy (#1) normally necessitates post-treatment
dialysis, patient #1’s eGFR has been maintained for >5
years, without grade >3 deterioration (Table 1). Limited
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Table 1: Patient characteristics

Pt. Age Sex PS Operability Reason for T Diagnosis Dose  Follo- Tumor Size e¢GFR, mL/min./1.73 m? CIRT-related adverse events
# no surgery  stage® (Gy up time (cm) (grade”) other than renal (grade”)
[RBE])  (mo) Pre- Follow- Pre- 3mo Follow-up Acute Late
CIRT upend CIRT post- end
CIRT
1 58 F 0 Yes Refusal® TIb  Biopsy® 66 62 4.5 3.0 77 (0) 69 (0) 47 (2)  Dermatitis (1) Dermatitis (1)
2 89 M 1 No Advanced age  T1b Imaging 66 3 4.8 4.8 45(2) 42 (2)8 None -
372 M 0 Yes Refusal® Tla Imaging 66 54 3.7 3.0 69 (0) 64 (0) 56 (2)  Dermatitis (1) None
4 75 M 0 Yes Refusal® Tib  Biopsy® 66 52 4.8 3.8 83 (0) 87 (0) 73 (0)  Dermatitis (1) Dermatitis (1)
5 65 M 0 Yes Refusal® T1b Imaging 66 48 4.1 2.7 74 (0) 80 (0) 63 (0) None None
6 61 M 0 No Religious Tla Imaging 72 38 2.9 2.0 66 (0) 60 (0) 47(2)  Dermatitis (1) None
reason®
7 81 M 1 No Psychosomatic  Tla Imaging 72 36 3.7 2.6 42 (2) 45 (2) 42 (2)  Dermatitis (1) None
disorders
8 67 M 0 Yes Refusal T3a Imaging 72 24 8.2 7.6 57 (2) 56 (2) 45(2)  Dermatitis (1) Dermatitis (1)

Proteinuria (1)

“According to the National Cancer Institute’s Common Toxicity Criteria version 4.0.

*All cases were NOMO.

SPatient #2 died of pneumonia 3 months post-CIRT, which was judged to be a CIRT-non-related death.

@Due to avoidance of post-surgical dialysis because of atrophic contralateral kidney.

O#3, #4, and #5 had a past medical history of asthma, angina pectoris, and high risk of cerebral infarction due to cervical artery stenosis, respectively, which were considered
high-risk comorbidities for surgery.

©Refusal of blood transfusion.

@Clear cell carcinoma.

Abbreviations: Pt, patient; M, male; F, female; PS, performance status; RBE, relative biological effectiveness; f/u, follow-up; mo, month; eGFR, estimated glomerular filtration
rate; CIRT, carbon-ion radiotherapy.
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Figure 1: Morphologic changes of the tumor in the left kidney on contrast-enhanced axial and coronal MRI images in
patient #1 at pre-, and post-CIRT at 1 to 5 years, as well as dose distribution.
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renal adverse events after CIRT may be due to the highly
conformal nature of the dose distribution, which delivers
a high-efficacy dose to tumor tissue while sparing the non-
tumorous adjacent kidney. These unique characteristics
of CIRT may also prevent non-renal adverse events, such
as those that occur in the gastrointestinal tract, and acute
systemic symptoms, such as vomiting and fatigue, which
have been reported after SBRT/SABR [7-9].

Marked shrinkage of tumors was not observed
after CIRT (Table 1); however, the necrotic areas in the
tumors gradually enlarged with time (Figure 1). The local
control rate and cancer-specific survival rates were 100%
among the registered patients. This included 3 medically
inoperable patients and 5 patients with tumors >4 cm.
Excluding 1 patient who died of pneumonia 3 months
following treatment, which was judged being unrelated
to CIRT, all remained alive with no recurrence without
additional therapy for RCC at the end of follow-up (median,
43.1 months). These favorable results are comparable
to those reported for standard radical treatments such as
nephrectomy, cryoablation, and radiofrequency ablation [10,
11]; furthermore, this prospective study showed equivalent
safety and efficacy compared to 16-fraction CIRT.

Based on the absence of grade >3 adverse events, the
recommended dose for 12-fraction CIRT is 72 Gy (RBE),
the higher dose employed herein, which resulted in good
treatment outcomes in 3 patients. A phase II trial is needed
to confirm the efficacy of this dose. Of note, the biologically
effective dose of 72 Gy (RBE) in 12-fraction CIRT in this
study is equivalent to that of 80 Gy (RBE) in 16-fraction
CIRT when an o/ ratio of 3 or 5 is applied; this dose has
previously shown a good treatment effect [5]. This trial is
part of an institutional series of trials on hypofractionation,
and a succeeding 4-fraction phase I/II clinical trial of CIRT
for RCC began in October 2017 at our institution.

This study has some limitations. First, diagnoses
based on imaging were made without performing biopsy
in 6 of the 8 patients in this study. Although these patients
were diagnosed by multiple diagnostic radiologists,
discrepancies between imaging and pathological findings
can occur [12]. Second, too few patients were accrued, so
larger trials are required. Third, this study was conducted
at a single institution with limited follow-up; a multi-
institutional prospective study involving more patients and
long-term follow-up is required.

In conclusion, the safety and efficacy of CIRT
hypofractionation using 12 fractions for eligible RCC
patients including cases with inoperable or large localized
tumors (>4 cm) were confirmed in this prospective trial,
and a recommended dose was established.

MATERIALS AND METHODS

Protocol and eligibility criteria

Protocol 1203 was initiated by the Protocol Design
Committee of the Network Advisory Board for Heavy lon

Therapy at the National Institute of Radiological Sciences.
This study was started in April 2013, and the planned
registration time was 2 years. The planned number of
patients for this study was 10. The planned number of
patients at each dose level was 5, and at least two dose
levels were planned.

Inclusion criteria for study entry were: 1)
biopsy-proven RCC or a definitive diagnosis of RCC
by dynamic contrast-enhanced CT and MRI studies;
2) clear cell, chromophobe, or papillary RCC; 3)
untreated T1/T2NOMO or T3/T4NOMO disease without
tumor emboli according to the TNM Classification of
Malignant Tumors (7th edition), or N1/M1 disease with
an expected favorable prognosis [13]; 4) an Eastern
Cooperative Oncology Group performance status of 0—1;
5) age >20 years; and 6) ability to understand and sign
an informed consent form. The exclusion criteria were:
1) previous treatment of the target tumor by radiation
therapy, 2) prior use of molecularly targeted therapy,
3) requirement for delivery of >60% of the prescribed
dose to the gastrointestinal tract, 4) maximum tumor size
>15 cm, 5) presence of active secondary cancers other
than RCC, 6) estimated life expectancy <6 months, 7)
current dependence on dialysis, and 8) presence of a
serious medical or psychological condition precluding
safe administration of treatment.

The trial was conducted in accordance with the
ethical standards set forth by the Declaration of Helsinki
[14], and all patients satisfying the enrollment criteria
were approved by the ethics committee.

Study design

Protocol 1203 was a non-randomized, open-label,
single-center phase I/II study of CIRT monotherapy,
designed to establish 12-fraction treatment for RCC.
The incidence of acute adverse events was the primary
endpoint, and the incidence of late adverse events, local
control rate, and survival rate were secondary endpoints.
The phase I component of protocol 1203 was a dose-
escalation study consisting of 12 fractions administered
over 3 weeks. The starting dose in this clinical trial was
66 Gy (RBE), because the biologically effective dose
in 16 fractions is close to 72 Gy (RBE) (when o/p was
applied as 3 or 5), which was used most frequently in our
previous experience [4, 5]. DLTs were defined as grade
>3 skin, gastrointestinal tract, or urologic adverse events
according to the National Cancer Institute’s Common
Toxicity Criteria, version 4.0 [15], and the timing of DLT
evaluation was 2 years after completion of treatment.
The dose per fraction was planned to escalate by 10%
following successful initial treatment, as determined by
discussion with the protocol committee of the Working
Group for Genitourinary Tumors. The planned follow-
up observation period for the evaluation of late adverse
events, local control, and survival was set >2 years after
the last patient was registered.
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Treatment

Irradiation fields were established using a three-
dimensional planning system based on 2.5-5-mm-thick
CT images. The gross tumor volume was defined as
the macroscopic tumor, and the clinical tumor volume
was defined as the gross tumor volume +5 mm to
account for microscopic invasion. The planning target
volume was defined as the clinical tumor volume +10
mm in the cranial and caudal directions and +5 mm
in the other dimensions, including the internal and set
up margins. For accurate reproduction of the target
position, an immobilization device was constructed
from a low-temperature thermoplastic sheet. During
treatment, patient—machine alignment was confirmed
by overlapping the on-board image taken in a true
lateral position using kV X-rays, and the reconstructed
two-dimensional image was taken during planning CT,
automatically minimizing deviations in skeletal anatomy
and the inserted fiducial markers between the two images.
Respiratory gating at the end of the expiratory phase was
used for CT planning, with positional verification used
during treatment [16].

Follow-up

Each patient was generally examined by blood tests,
ultrasonography, and dynamic contrast-enhanced CT and
MRI, according to the European Society of Urogenital
Radiology guidelines [17], at least once every 3 months
for the first 6 months, and then usually every 6 months
thereafter.

To evaluate kidney toxicity, eGFR was calculated
in all cases according to the formula reported by Matsuo
et al. [18]. Other adverse events including kidney
function were evaluated according to the National Cancer
Institute’s Common Toxicity Criteria, version 4.0 [15]; the
details of chronic kidney function grade were described in
our previous report [5]. Acute and late adverse events were
evaluated within the first 3 months and >3 months after
CIRT, respectively.

Evaluation

Evaluation of eGFR was conducted from pre-
CIRT to the end of follow-up. Local failure was defined
as either progressive disease according to the modified
Response Evaluation Criteria in Solid Tumors [19] or the
new appearance of lesions within the target volume. Local
control was defined as the absence of detectable local
failure. Distant failure was defined as the development
of metastatic lesions outside of the kidney. The time to
failure was defined as the interval from the start of CIRT
to the date of diagnosed recurrence. The survival time was
defined as the interval from the start of CIRT to the date
of death or last follow-up. The cutoff date for analysis was
October 2018.

Statistics

Both local control and overall survival rates were
calculated by the Kaplan—-Meier method using SPSS
software (version 20.0; IBM Japan, Ltd., Tokyo, Japan).

Abbreviations

CIRT: carbon-ion radiotherapy; CT: computed
tomography; DLT: dose-limiting toxicity; eGFR: estimated
glomerular filtration rate; MRI: magnetic resonance
imaging; NIRS: National Institute of Radiological
Sciences; RBE: relative biological effectiveness; RCC:
renal cell carcinoma; SABR: stereotactic ablative
radiotherapy; SBRT: stereotactic body radiotherapy.

Author contributions

Goro Kasuya, Hiroshi Tsuji, Takuma Nomiya and
Hirokazu Makishima designed the study, assembled the
data, performed the statistical analyses and interpretation,
and wrote the manuscript. Yasuo Haruyama and Gen
Kobashi performed the statistical analyses and interpretation.
Tokuhiko Omatsu and Riwa Kishimoto, who are
radiologists, determined the imaging diagnosis and wrote
the manuscript. Daniel K. Ebner, Shigeo Yasuda, Tatsuo
Igarashi, Mototsugu Oya, Koichiro Akakura, Hiroyoshi
Suzuki, Tomohiko Ichikawa, and Jun Shimazaki interpreted
the data and wrote the manuscript. Tadashi Kamada treated
the patients and helped revise the manuscript. All authors
read and approved the final manuscript.

ACKNOWLEDGMENTS

We wish to express our deep appreciation to the
members of the Working Group.

CONFLICTS OF INTEREST

There are no conflicts of interest pertaining to this
work for any of the authors.

FUNDING

This work was supported by the Research Project
for Heavy lons at the National Institute of Radiological
Sciences, Japan.

REFERENCES

1. Motzer RJ, Jonasch E, Agarwal N, Bhayani S, Bro WP,
Chang SS, Choueiri TK, Costello BA, Derweesh IH,
Fishman M, Gallagher TH, Gore JL, Hancock SL, et al.
Kidney cancer, version 2.2017, NCCN clinical practice
guidelines in oncology. J Natl Compr Canc Netw. 2017;
15:804-834.

www.oncotarget.com

80

Oncotarget



. Kanai T, Furusawa Y, Fukutsu K, Itsukaichi H, Eguchi-
Kasai K, Ohara H. Irradiation of mixed beam and design of
spread-out Bragg peak for heavy-ion radiotherapy. Radiat
Res. 1997, 147:78-85.

. Kanai T, Matsufuji N, Miyamoto T, Mizoe J, Kamada T,
Tsuji H, Kato H, Baba M, Tsujii H. Examination of GyE
system for HIMAC carbon therapy. Int J Radiat Oncol Biol
Phys. 2006; 64:650—6.

. Nomiya T, Tsuji H, Hirasawa N, Kato H, Kamada T,
Mizoe J, Kishi H, Kamura K, Wada H, Nemoto K, Tsujii H.
Carbon ion radiation therapy for primary renal cell
carcinoma: initial clinical experience. Int J Radiat Oncol
Biol Phys. 2008; 72:828-33.

. Kasuya G, Tsuji H, Nomiya T, Makishima H, Haruyama Y,
Kobashi G, Ebner DK, Hayashi K, Omatsu T, Kishimoto
R, Yasuda S, Igarashi T, Oya M, et al; Working Group for
Genitourinary Tumors. Updated long-term outcomes after
carbon-ion radiotherapy for primary renal cell carcinoma.
Cancer Sci. 2018; 109:2873-2880.

Siva S, Pham D, Kron T, Bressel M, Lam J, Tan TH, Chesson
B, Shaw M, Chander S, Gill S, Brook NR, Lawrentschuk
N, Murphy DG, Foroudi F. Stereotactic ablative body
radiotherapy for inoperable primary kidney cancer: a
prospective clinical trial. BJU Int. 2017; 120:623—630.

Siva S, Louie AV, Warner A, Muacevic A, Gandhidasan
S, Ponsky L, Ellis R, Kaplan I, Mahadevan A, Chu W,
Swaminath A, Onishi H, Teh B, et al. Pooled analysis of
stereotactic ablative radiotherapy for primary renal cell
carcinoma: A report from the International Radiosurgery
Oncology Consortium for Kidney (IROCK). Cancer. 2018;
124:934-942.

. Pham D, Thompson A, Kron T, Foroudi F, Kolsky
MS, Devereux T, Lim A, Siva S. Stereotactic ablative
body radiation therapy for primary kidney cancer: a
3-dimensional conformal technique associated with low
rates of early toxicity. Int J Radiat Oncol Biol Phys. 2014;
90:1061-8.

. Ponsky L, Lo SS, Zhang Y, Schluchter M, Liu Y, Patel R,
Abouassaly R, Welford S, Gulani V, Haaga JR, Machtay
M, Ellis RJ. Phase I dose-escalation study of stereotactic
body radiotherapy (SBRT) for poor surgical candidates
with localized renal cell carcinoma. Radiother Oncol. 2015;
117:183-7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Kunkle DA, Uzzo RG. Cryoablation or radiofrequency
ablation of the small renal mass: a meta-analysis. Cancer.
2008; 113:2671-80.

Olweny EO, Park SK, Tan YK, Best SL, Trimmer C,
Cadeddu JA. Radiofrequency ablation versus partial
nephrectomy in patients with solitary clinical T1a renal cell
carcinoma: comparable oncologic outcomes at a minimum
of 5 years of follow-up. Eur Urol. 2012; 61:1156-61.

Young JR, Coy H, Kim HJ, Douek M, Lo P, Pantuck
AJ, Raman SS. Performance of relative enhancement on
multiphasic MRI for the differentiation of clear cell renal
cell carcinoma (RCC) from papillary and chromophobe
RCC subtypes and oncocytoma. AJR Am J Roentgenol.
2017; 208:812-819.

Sobin L, Gospodarowicz M, Wittekind C. International
Union Against Cancer (UICC), TNM Classification of
Malignant Tumours, 7th ed. New York: Wiley-Liss. 2009.

World Medical Association Declaration of Helsinki: ethical
principles for medical research involving human subjects.
JAMA. 2000; 284:3043-3045.

National Cancer Institute. Common Terminology
Criteria for Adverse Events (CTCAE) version 4.0 2010.
Available  at  https://www.eortc.be/services/doc/ctc/
CTCAE _4.03_2010-06-14_QuickReference 5x7.pdf.
Minohara S, Kanai T, Endo M, Noda K, Kanazawa
M. Respiratory gated irradiation system for heavy-
ion radiotherapy. Int J Radiat Oncol Biol Phys. 2000;
47:1097-1103.

European Society of Urogenital Radiology (ESUR)
Guidelines on Contrast Media. 2012. Available from URL:
http://www.esur.org/guidelines/.

Matsuo S, Imai E, Horio M, Yasuda Y, Tomita K, Nitta
K, Yamagata K, Tomino Y, Yokoyama H, Hishida A;
Collaborators developing the Japanese equation for estimated
GFR. Revised equations for estimated GFR from serum
creatinine in Japan. Am J Kidney Dis. 2009; 53:982-92.
Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH,
Sargent D, Ford R, Dancey J, Arbuck S, Gwyther S,
Mooney M, Rubinstein L, Shankar L, Dodd L, et al. New
response evaluation criteria in solid tumours: revised
RECIST guideline (version 1.1). Eur J Cancer. 2009;
45:228-247.

www.oncotarget.com

81

Oncotarget


https://www.eortc.be/services/doc/ctc/CTCAE_4.03_2010-06-14_QuickReference_5x7.pdf
https://www.eortc.be/services/doc/ctc/CTCAE_4.03_2010-06-14_QuickReference_5x7.pdf
http://www.esur.org/guidelines/

