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Abstract

Background: Due to the physical dose distribution characteristic of “Bragg peak”and the biological effect as a kind of
high linear energy transfer ray, heavy ion therapy has advantages over conventional photon therapy in both efficacy
and safety. Based on the evidence that prostate cancer lesions before treatment are the most common sites of tumor
residual or recurrence after treatment, simultaneous integrated boost radiation therapy for prostate cancer has been
proven to have the advantage of improving efficacy without increasing toxicities.

Methods: This study is a prospective phase Il randomized controlled clinical trial evaluating the efficacy and safety

of functional imaging-guided carbon ion irradiation with simultaneous integrated boost for localized prostate cancer.
One hundred and forty patients with localized prostate cancer will be randomized into carbon ion radiotherapy group
and simultaneous integrated boost carbon ion radiotherapy group at a 1:1 ratio. The primary endpoint is to compare
the incidence of treatment-related grade 2 and higher acute toxicities between the two groups according to National
Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) version 4.03. Secondary endpoints are
late toxicities, biochemical relapse-free survival, overall survival, progression-free survival, and quality of life.

Discussion: This study adopts functional imaging-guided simultaneous integrated boost of carbon ion radiotherapy
for localized prostate cancer, aiming to evaluate the differences in the severity and incidence of acute toxicities in
patients with localized prostate cancer treated with carbon ion radiotherapy and simultaneous integrated boost car-
bon ion radiotherapy, in order to optimize the carbon ion treatment strategy for localized prostate cancer.

Trial registration: ClinicalTrials.gov NCT05010343. Retrospectively registered on 18 August 2021
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Background

Radiotherapy is one of the main strategies for localized
prostate cancer. The accuracy of irradiation dose deliv-
ery to the target volume is closely related to the higher
local control as well as the lower side effects, and a higher
radiation dose to the target may further increase sur-
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significantly improve the biochemical relapse-free sur-
vival in patients with localized prostate cancer and the
dose greater than 76Gy or less than 76Gy may achieve
different 10-year failure-free survival rates of 73% and
50%, respectively. From the National Comprehensive
Cancer Network (NCCN) guidelines [2], the recom-
mended photon irradiation dose for low-risk localized
prostate cancer should be 75.6-79.2Gy, and at least
81Gy for intermediate/high-risk localized disease. Thus,
increasing irradiation dose might be of great significance
for improving the efficacy of prostate cancer.

Currently, localized prostate cancer is mainly irradi-
ated with conventional photon beam. Although inten-
sity-modulated radiation therapy (IMRT)/image-guided
radiation therapy (IGRT) could get better dose con-
formity than 3-dimensional conformal radiation therapy
(3DCRT), the irradiation dose was still limited due to
the surrounding dose-limiting structures such as rectum
and bladder; otherwise, it might lead to severe gastro-
intestinal (GI) and genitourinary (GU) toxicities, which
affect the patients’ quality of life. In addition, from the
perspective of fractionation dose, conventional fraction-
ated radiotherapy of prostate cancer might not achieve
the best therapeutic effect [3—5]. Actually, although long-
term results of the M. D. Anderson randomized trial [1]
demonstrated that dose-escalation of conventional pho-
ton radiotherapy did improve freedom from biochemical
and clinical progression, the 10-year incidence of grade
2 or greater GI toxicity was higher in the high-dose arm
than in the low-dose arm (26% vs 13%, p = 0.013), as was
the incidence of grade 2 or greater GU toxicity (13% vs
8%). Similarly, despite improved clinical or biochemical
failure-free survival in the Dutch Phase III trial [6], the
7-year rate of late grade 2 or greater GI toxicity was 35%
in the 78Gy arm versus 25% in the 68Gy arm (p = 0.04).
A meta-analysis [7] showed that high-dose radiotherapy
(74-80 Gy) was associated with an increased risk (odds
ratio 1.72) of late grade 2 or higher GI toxicity com-
pared with conventional-dose radiotherapy (64—70.2 Gy).
Consequently, a better radiotherapy strategy is eagerly
wanted.

Carbon ion radiotherapy (CIRT) [8] is currently a
novel and powerful tool for radiotherapy which could
possess a narrow Bragg peak-like depth dose and a
sharp gradient at depths near its distal penetration. The
CIRT with intensity-modulated carbon-ion therapy
(IMCT) delivery provides better dose conformity to
the prostate compared to conventional radiotherapy.
As a kind of high linear energy transfer (LET) ray, the
relative biological effectiveness (RBE) of CIRT is sub-
stantially higher than that of photon and proton-based
irradiation, and the RBE value is suggested to be 2-3-
fold over photon, producing a more powerful tumor
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cytotoxicity than conventional radiotherapy. Due to its
inspiring physical and biological advantages, CIRT has
been gradually proceeded to treat several malignancies
[9-12], such as head and neck carcinoma, soft tissue
sarcoma, osteosarcoma, lung cancer, and liver cancer
with reported satisfactory clinical efficacy. Compared
with photon therapy, data published by Japan [13-17]
recommended hypofractionated CIRT to be one of the
best choices for localized prostate carcinoma, espe-
cially for intermediate- and high-risk prostate cancer,
with improved 5- and 10-year progression-free survival
rates and the favorable late GU/GI toxicities. Previ-
ous studies [3, 4, 18] also reported the low alpha/beta
value of prostate cancer cell, suggesting that prostate
cancer might be more suitable for hypofractionated
radiotherapy.

For definitive irradiation of localized prostate can-
cer, the clinical target volume is mainly defined as the
entire prostate and part of the seminal vesicle based on
the different risk groups, with a uniform dose delivery.
Numerous studies [19-21] have shown that either local
recurrence or residual lesions mainly occurred in the pri-
mary visible site, and may be correlated with biochemical
recurrence of prostate cancer after definitive radiother-
apy. A meta-analysis [22] further suggested that every
1-Gy increase in irradiation dose may reduce the risk of
biochemical relapse by approximately 1.8%. Based on a
multicenter result [23] for multiple systemic tumors, the
survival rate was significantly improved after an addi-
tional 10-20% dose boost to the radio-resistant site.
Tomé et al. [24] set up a prognosis model to predict the
efficacy of simultaneous integrated boost (SIB) radiation
therapy for solid tumors and revealed that if a boost dose
ratio of 1.20-1.30 was given to 60—80% of the tumor, the
estimated tumor control probability (TCP) values would
rise from 50% to 70%. Based on equivalent uniform dose,
Kim et al. [25] compared expected local tumor control
and normal tissue toxicities between SIB technique tar-
geting high-risk recurrence area and homogeneous dose
technique using voxel-based iso-TCP maps. They found
that SIB was a more effective method than homogene-
ous dose technique, significantly improving local control
rate without increasing the normal tissue complications.
Dosimetric studies [26, 27] and clinical data [28, 29] on
volumetric modulated arc therapy (VMAT) and IMRT
technologies further proved that SIB technique of pros-
tate cancer may not increase the irradiation dose and
toxic reactions of rectal and bladder, which indicated that
simultaneous integrated boost irradiation had the advan-
tage of improving the treatment efficacy without increas-
ing the side effects for prostate cancer. Thus, patients
might benefit from the SIB technique for solid tumors
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with improved tumor control and limited normal tissue
damage.

This is a randomized controlled phase II clinical trial,
whose objective is to integrate SIB technique with carbon
ion treatment for patients with localized prostate cancer
and further assess its safety and efficacy.

Methods/design

Trial organization/coordination

This study is designed as an open-label, prospective,
single-center, randomized two-armed (carbon ion radio-
therapy vs. simultaneous integrated boost radiotherapy)
study, primarily evaluating the differences in the severity
and incidence of acute toxicity in patients with localized
prostate cancer treated with carbon ion radiotherapy and
simultaneous integrated boost carbon ion radiotherapy
and further optimizing carbon ion therapy for prostate
cancer. The rationale for this SIB approach is to provide
a greater overall tumor-killing effect to prolong the bio-
chemical recurrence-free survival without additional tox-
icity as compared with standard treatment. The two study
arms are defined by different treatment strategy with arm
A (carbon ion radiotherapy at 65.6 Gy in 16 fractions) and
arm B (SIB carbon ion radiotherapy to the imaging-visi-
ble malignancy at 72Gy in 16 fractions). The flow chart of
this phase II trial is illustrated in Fig. 1. The study carries
out in Shanghai Proton and Heavy Ion Center (SPHIC) in
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China, and ethical consent was obtained from the ethics
committee of SPHIC before trial initiation. The number
of the ethics committee of SPHIC (Institutional Review
Board) is 2006-62-03. All patients have written informed
consent before inclusion in the trial.

Patient selection
Inclusion criteria

(1) Histopathologically confirmed primary prostate
cancer

(2) Stage cT1-3NOMO at the time of initial diagnosis,
with solid prostate tumor visible on both multipara-
metric magnetic resonance imaging (mpMRI) and
68GA-PSMA PET/CT imaging

(3) Age between 45 and 85 years

(4) No regional lymph node metastasis and distant
metastasis confirmed by CT, MRI, bone scan, and
PET/CT (PSMA)

(5) No metal implants such as artificial hip joint in the
irradiation field or in the irradiation pathway that
can significantly affect the dose distribution

(6) ECOG 0 ~ 2; No complications that might affect
radiotherapy such as severe pulmonary hyperten-
sion, cardiovascular disease, peripheral vascu-
lar disease, or serious chronic heart disease; heart

140 patients with localized prostate cancer

1:1 randomization

Control arm (n=70)
Carbon ion radiotherapy

-

Primary : Acute toxicities

Secondary: Late toxicities,

Biochemical relapse-free survival,
Overall survival,

Progression-free survival,

Quality of life.
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Omics-based molecular biology profiles
Serologic immunologic marker profiles
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Experimental arm (n=70)
Simultaneous integrated boost
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Fig. 1 The flow chart of the current trial
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function grade 1 (according to the NYHA classifica-
tion grading of cardiac function)

(7) Acceptable hematopoietic function and liver/kid-
ney function:

a) Hematopoietic function: hemoglobin > 90g/L,
platelet > 70 x 10°/L, white blood cell > 3 x
10°/L

b) Liver function: ALT and AST<1.5 times of upper
limits of normal (ULN), bilirubin < 1.5 x ULN

¢) Renal function: serum creatinine < 140 pmol /L

(8) Signed written informed consent

Exclusion criteria

(1) With other uncontrolled primary malignancies

(2) Without pathology diagnosis

(3) Pathological types of non-adenocarcinoma of
prostate (such as small cell carcinoma, sarcoma,
etc.)

(4) Lymph nodes or distant metastasis

(5) Previous prostatectomy or pelvic radiotherapy

(6) Obvious adverse effects related to previous treat-
ment, such as urinary incontinence, hematuria,
and bloody stools, which may be aggravated or
induced by radiation therapy

(7) Active medical implants, e.g., pacemaker and
defibrillator, which may be interfered with the
normal function by high-energy radiation or may
affect the dose in the target area

(8) Drug abuse or alcohol dependence

(9) HIV positive, including previous antiretroviral

treatment; syphilis active stage; chronic hepatitis

B, virus replication period; active stage of hepati-

tis C

A history of mental illness, which may hinder the

completion of treatment

Poor general health, i.e., KPS<70 or ECOG>2

With serious complications that may interfere

with radiotherapy, including:

a) Unstable angina pectoris, congestive heart fail-
ure, or myocardial infarction requiring hospitali-
zation in the past 6 months

b) Acute bacterial or fungal infection

¢) Exacerbation of chronic obstructive pulmonary
disease or other respiratory diseases requiring
hospitalization

d) Inflammatory bowel disease or connective tis-
sue disease, such as active scleroderma and lupus
(contraindicated by radiotherapy)
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e) Liver dysfunction (ALT and AST> 1.5 x ULN,
bilirubin > 1.5 x ULN)

Immunosuppressed patient

The presence of other disorders or other factors
that may affect proton or carbon ion therapy
Without civil capacity or with limited civil capac-

ity

Patient assessments
When patients meet the trial conditions, they are pro-
vided with relevant information including potential risks
and benefits of participating in the trial. Patients may be
enrolled and randomized by the principal investigator
in this trial once written consent has been obtained and
all required documentation will be provided by SPHIC.
Patients will be randomly assigned to either arm A or
arm B in a 1:1 ratio using computer-generated random
numbers by the principal investigator, and sequentially
numbered after being randomly assigned. Before radia-
tion, a detailed medical history inquiry and physical
examination are required. Pathological diagnosis of the
primary disease, including pathological classification,
Gleason score, and positive puncture rate, is necessary
before treatment. Also, patients need laboratory tests,
such as peripheral blood routine, serum chemistry, urine
and stool routine examination, the levels of prostate-spe-
cific antigen (PSA), fPSA, testosterone, neuron-specific
enolase (NSE), and tests for HIV, syphilis, hepatitis. In
addition, CT of the chest, mpMRI of the prostate, and
B-scan ultrasonography of upper abdomen and inguinal
and supraclavicular lymph nodes are conducted before
irradiation. Bone scan and 68Ga-PSMA PET/CT are per-
formed to comprehensively evaluate the lesion range and
staging. Cardiac function examinations including elec-
trocardiogram are taken and cardiac ultrasound, 24-h
Holter examination, and coronary angiography are con-
ducted if necessary. Moreover, the effects of carbon ion
therapy on quality of life are evaluated by the five-dimen-
sional European quality of health scale (EQ-5D), Inter-
national Prostate Symptom Score (IPSS), and Expanded
Prostate Cancer Index Composite (EPIC) questionnaires.
During irradiation, all patients are regularly assessed
for acute toxicities of normal tissues at least once a week
until they have subsided. The adverse events, grading,
and correlation with radiotherapy are documented at
each evaluation. Specific evaluation contents include
weekly routine blood tests to observe the hematological
toxicity, monthly liver function tests to observe the liver
toxicity, weekly routine urine examination to observe
the occurrence of hematuria and urinary tract infection,
IPSS questionnaire to evaluate urinary system toxicity,
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and weekly routine stool examinations and occult blood
examinations combined with the symptoms of intesti-
nal toxicity to exclude radioactive enteritis. Patients are
treated with combined endocrine therapy, either neo-
adjuvant endocrine therapy or concurrent endocrine
therapy, depending on their grading. When necessary,
a supportive medication is initiated or adapted. When
patients experience treatment-related adverse events,
appropriate medications will be given according to the
severity of the disease. If patients have an unexpected
injury during the clinical study, financial compensation
will be made in accordance with Chinese laws and reg-
ulations. Additionally, quality of life is collected during
and at the end of radiotherapy. Table 1 summarizes the
schedule.

All the patients will be followed up according to the
protocol every 3 months in the initial 3 years after the
completion of treatment, every 6 months for an addi-
tional year, and every year thereafter. Follow-up exami-
nations include complete history, physical examination,
digital rectal examination, PSA, complete blood count,
serum chemistry, CT of the chest, CT scan or ultrasound
of the abdomen, mpMRI of the prostate, bone scan exam-
ination, and 68Ga-PSMA PET/CT which will be per-
formed earlier if recurrence is suspected. Every patient is
recommended to evaluate PSA at the same laboratory. In
addition, quality of life should be assessed regularly dur-
ing follow-up.

Radiation therapy

Definition of target volumes and organs at risk

According to the risk factors of prostate cancer, there
are three different definitions of clinical target volume
(CTV). For the low-risk group, CTV is defined as the
entire prostate; for the intermediate-risk group, CTV is
defined as the entire prostate gland and inferior 1-1.5cm
of seminal vesicles; and for high-risk and very high-risk
groups, CTV is defined as the entire prostate gland and
inferior 2—2.5cm of seminal vesicles.

The determination of the target boost area of prostate
cancer is the key to the implementation of SIB technol-
ogy. Based on the European Association of Urology
(EAU) [30], the NCCN [2], and the European Society of
Urogenital Radiology (ESUR) guidelines [31], mpMRI
is used for the imaging diagnosis of prostate cancer due
to its ability of great soft tissue resolution and the accu-
racy to distinguish between prostate tumors and normal
prostate tissues [32]. A meta-analysis [33] of 29 prospec-
tive studies also showed that the sensitivity and specific-
ity of mpMRI for the diagnosis of prostate cancer were
0.87 and 0.68, respectively. In addition, as a type II trans-
membrane protein, prostate-specific membrane antigen
(PSMA) can be highly expressed in prostate cells, and
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its expression level is positively correlated with the stage
and the grade of prostate cancer. 68Ga-PSMA PET/CT is
assigned as an emerging diagnostic technique for pros-
tate cancer based on PSMA molecular imaging. The posi-
tive diagnosis rate of prostate cancer can reach 69%, with
80% diagnostic sensitivity and 97% specificity, even 42%
at very low PSA levels (<0.2 ng/ml) [34], and 68Ga-PSMA
PET/CT has been gradually adopted clinically to guide
radiotherapy planning for prostate cancer [35, 36]. There-
fore, combined 68Ga-PSMA PET/CT and mpMRI might
accurately locate the target area of prostate tumors, and
CTYV boost of the SIB group is defined as solid prostate
tumors that are visible on mpMRI and 68Ga-PSMA PET/
CT images in this trial.

The planning target volume (PTV) is defined as the
CTV plus 8 mm in lateral (beam direction) and 5 mm
anterior-posterior as well as in the inferior-superior
margin.

Definition of the dosage

For arm A, the total dose for CTV should be 65.6GYE in
16 fractions (4.1GyE per fraction) in 4 weeks. For arm B,
the total dose for CTV should also be 65.6GyE in 16 frac-
tions (4.1GyE per fraction) and CTV boost be 72GyE in
16 fractions (4.5GYE per fraction) simultaneously. More-
over, 95% of the prescription dose should cover 100% of
the CTV and 90% of the prescription dose should cover
100% of the PTV in both arms. The dose constraints of
organs at risk are defined as rectum Dmax < 100%PD,
V60 < 3cc, V55 < 7cc, V50 < 10cc and V30 < 15cc,
bladder Dmax < 100%PD, D15% < 40GyE, and D5% <
50GyE.

Duration of the study

The primary endpoint is to compare the treatment-
induced grade 2 or greater acute toxicity between arm A
and arm B. Seventy patients are planned to be enrolled in
each arm, and 140 patients are enrolled in total.

It will take about 5 years to complete the enrollment of
all patients and every patient should complete at least 3
months of follow-up work after radiotherapy. The study
is expected to start in October 2020 and primarily be
completed in July 2025.

Outcome measures
The primary objective of this phase II randomized study
is to evaluate the differences of acute toxicities in patients
with localized prostate cancer treated with carbon ion
radiotherapy and SIB carbon ion radiotherapy.

Late toxicities, biochemical relapse-free survival, over-
all survival, and progression-free survival are the sec-
ondary outcome measures to preliminarily explore the



Page 6 of 13

(2022) 23:934

Hu et al. Trials

Ajlenuuy

Ajjenuuy
Ajjenuuy

\/

Ajjenuuy

o/t

Ajjenuuy

Ajjenuuy
Ajjlenuuy

\/

Ajjenuuy

e/t

Ajlenuuy

Ajjenuuy
Ajjenuuy

\/

A|jenuuy

e/

> >

o/t

e/

A

> S

e

e > >

> >

1D
/13d YWSd-e589

uoneu
-lwexa ueds auog
a1ejsoud jo [ywdw
uawopgqe

93 Jo punosen|n
ioueds |
1s9Y>9y1jo 15
uoneulwex?
uonpunydeipied)
ADH ‘AgH 40} s3s3L
siydAs

‘AIH 40J 3591

3SN pue
‘aU0191501591 ‘YSd}
'VSd J0 s|9Aa
uon

-eUlWEXD dUIINOA
|oo1s pue auln
Ansiwayd wnias
uon

-eUIWEXD dUIINOA
poojq |esayduiad
BLID)LID UOISN|IXD
pue uoisnpuj
sisou

-beip jea1bojoylred
D0D3 ‘Sd)

uon

-eujwexa |edisAyd
/K10as1y [edipay
JuUasU0d

pawuojul UM

1eaf L1973  syuow g K1an3

1eaf yyy ayy woa4 seak yrnoy ayy

syjuow g K19n3

sieak pay
pue puodas ay|

yiuow
yizL
aylL

YIUOW Y19 3YL Y3UOW pIEAYL 9t SHIIM

1eak)say oy

juswieasy Jayye dn-mojjo4

(uoneipeu jo Aep
Jeuy ay3) uoneipels
Jo pus ayniy

uoneipes buing

et 841 Jo 3|Npayps L sjqeL



Page 7 of 13

(2022) 23:934

Hu et al. Trials

PapUSIWOd3I o
Kiessadau usym ,

Ajjenuuy Ajjlenuuy Ajjenuuy N A N N N A SSdl
Ajlenuuy Ajlenuuy Ajlenuuy A A N N N N as-o3
Ajlenuuy Ajlenuuy Ajlenuuy A A N N N N J1d3
(01403
/9014) senPIx0}
N N N N N N 9)e| Jo uonenjeay
(35V1d
-IDN) saiiIx0}
/N N N N N /v 91nde jo uonenjeay
yuow
Yyt (dwn 1s1y)
1eak A19A7  syuow g K19z syauow ¢ K193 9yl Yuow Yi9oyl Yluow pigdyl 9- SYI9M
sieak pay3y
1eaf yyy ayy woia4 Jeak yrinoy ayy pue puodas 3y 1eak 1say 9y (uoneipeu jo Aep Noam K1an3

juswieasy 493y dn-mojjo4

|euy ay3) uoneipes
40 pus ayr 1y

uonelpel buung

uonelpe
alojag

(Panunuod) 1 3jqey



Hu et al. Trials (2022) 23:934

optimal dose and efficacy of SIB carbon ion radiotherapy
of localized prostate cancer.

Additionally, 25ml of peripheral blood and 35ml of
urine will be collected prospectively before and after
treatment for the detection of immune and circulat-
ing tumor cells related to prostate cancer carbon ion
therapy. The purpose of these indicators’ detection is to
evaluate the efficacy and toxicity of prostate cancer car-
bon ion therapy and then to predict the prognosis of the
disease. Before the collection of biological specimens, an
informed consent form will be provided by the principal
investigator to patients.

Moreover, EQ-5D, IPSS, and EPIC questionnaires are
used to evaluate the effect of carbon ion radiotherapy on
patients’ quality of life. IPSS would be used to assess the
lower urinary tract symptoms. EPIC would be used to
evaluate the urinary, bowel, and sexual symptoms.

Evaluation of side effects

Acute toxicities from treatment are graded according to
NCI-CTCAE version 4.03 [37]. Late toxicities from treat-
ment are graded according to Radiation Therapy Oncol-
ogy Group/European Organization for Research and
Treatment of Cancer (RTOG/EORTC) criteria [38]. Late
toxicities are defined as symptoms first occurring or last-
ing > 90 days from radiotherapy.

Criteria for discontinuation
Patients should be discontinued from the study if any of
the following conditions occur:

(1) Occurrence of treatment-related serious adverse
events.

(2) Patients’ requirement to withdraw from the study.
(3) Disease progression.

(4) Serious breach of the research protocol.

(5) Death of the subject.

(6) The investigator considers that the patient should
be discontinued from the study.

Plans to promote participant retention and complete
follow-up

The subjects will be recruited once they are hospitalized
and they will remain in the site until discharge. Patients
have the right to withdraw during the study, which will
not affect the subsequent medical treatment. If the sub-
ject withdraws, the investigator must record the reason
and date of withdrawal on the subject’s case report form
(CRF). All subjects who withdrew due to adverse events
or abnormal laboratory test results must be followed
up until they recover or stabilize, and subsequent out-
comes recorded. If patients develop disease progression,
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they should be followed up until death. If patients fail to
receive all treatment regimens for any reason other than
disease progression, follow-up including efficacy, toxicity,
and quality of life should still be performed.

Data monitoring/auditing

The study investigators will monitor the integrity of
study data and participant safety. During the period of
recruitment, regular analyses will be provided to the
Institutional Review Board, who will give advice on the
study conduction, protocol modification, and trial halt if
needed.

Interim analyses were performed in order to assess the
safety and efficacy of treatment. If a significant lack of
efficacy or an unacceptable risk-benefit balance is found,
the Institutional Review Board will organize an expert
group to review this situation and make the final decision
to terminate the trial.

The trial will be regularly audited on-site and online by
experts, independent from investigators.

Protocol amendments

Any important modifications to the protocol, such as
changes to eligibility criteria, outcomes, and analyses
will require a formal amendment to the protocol. Such
amendment must be submitted to the Institutional
Review Board for approval before implementation.

Statistical analysis

The primary endpoint of the study is to observe the dif-
ference in acute toxicity in patients with localized pros-
tate cancer who receive carbon ion radiotherapy and
SIB carbon ion radiotherapy. All the patients will be
randomly assigned to arm A and arm B in a ratio of 1:1.
Assuming a type I error of 0.025 and type II error of 0.2,
and under the assumption that the probability of no more
than 2 degrees of acute GU and GI toxicities in arm A is
90% (Pc), and the probability of no more than 2 degrees
of acute GU and GI toxicities in arm B is also 90% (Pt),
with a non-inferiority margin of 0.15, we estimate that
a sample size of 63 participants per arm will yield 80%
power to show non-inferiority. However, anticipating a
possible 10% dropout rate in each group, per arm # = 70
patients will be recruited into the study such that a total
of N = 140 patients is required.

Statistical analysis will be performed using SPSS soft-
ware (V20.0, SPSS Inc., Chicago, IL, USA). The Mann-
Whitney U test will be used to compare the differences
in acute and late toxicity between the two arms. The
Kaplan-Meier method will be used to estimate the bio-
chemical relapse-free survival, progression-free survival,
and overall survival of the entire cohort. The association
between each of the candidate prognostic factors with
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biochemical relapse-free survival, progression-free sur-
vival, and overall survival rates will be tested using the
log-rank test. Multivariate analysis will be performed
using the Cox regression model.

Analysis is planned on an intention-to-treat population
(ITT), with all participants to be analyzed in the group
to which they were randomized. We will make efforts to
collect complete data for all participants and minimize
missing data. If required, the missing data will be dealt
with last observation carried forward method or multiple
imputation.

Patient and public involvement

Patients or the general public will not be involved in
the formulation of research questions and study design.
Before the study, we will inform patients of the back-
ground, plan, possible risks and benefits, and other rele-
vant information of the study. During the study, feedback
comments obtained from patients will be taken into full
consideration. Moreover, the results of the study will be
disseminated to participants mainly by telephone.

Discussion

Radiotherapy is one of the treatment options for local-
ized prostate cancer, but standard radiation doses (64 to
70 Gy) are not always as effective as previously believed.
One solution to improve the efficacy of radiotherapy is
increasing the irradiation dose. There is convincing evi-
dence [39-43] that irradiation dose is positively corre-
lated with efficacy. However, further increase in dose to
the entire prostate is limited by the tolerance of adjacent
normal tissues and may result in higher toxicity rates [1,
42]. Besides, from a radiobiological point of view, a/p
ratio of prostate cancer appears to be as low as 1.5 Gy [3,
4, 18], which is even lower than that of the surrounding
organs at risk such as the rectum, suggesting that pros-
tate cancer might show some resistance to convention-
ally fractionated photon radiotherapy. Therefore, there
is an urgent need for more effective treatments that can
improve therapeutic effects without increasing adverse
effects.

As an alternative to external beam radiotherapy,
brachytherapy has been integrated as a boost technique
or definitive technique in multimodality approaches in
the treatment of prostate cancer. Brachytherapy allows
very high doses to be delivered inside the prostate, with
a sharp dose gradient outside the prostate establishing
high conformity to the target volume, thus showing high
effectiveness and relatively low morbidity [44]. As a form
of brachytherapy that high-activity radiation sources are
temporarily placed within the prostate, typically over
two to three fractions, high-dose rate brachytherapy
(HDRBT) translates dosimetric superiority into excellent
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clinical results [45, 46]. Radiobiologically, HDRBT also
takes advantage of the low a/f ratio of prostate cancer.
However, the precise dose delivery is often limited by
the technique uncertainty, such as difficulties in accurate
needle placement at a desired target in the prostate and
the heterogeneity of the prescribed doses. CIRT is one
of the strategies that can be employed to deliver a higher
biological effect to the prostate.

It is noteworthy that CIRT seems to be beneficial to
improve local control and reduce toxicity to normal tis-
sues because of its biophysical advantages. Some cent-
ers [14, 15, 17, 47, 48] have conducted several studies
of CIRT for prostate cancer, showing the advantages of
improved efficacy and reduced side effects. CIRT dis-
plays a low dose deposition along the entry channel of
the beam and a steep dose deposition in the Bragg peak
region and can be concentrated on the CTV. It is also said
that CIRT causes less chromosomal damage on normal
tissues than photon irradiation does [49]. On top of that,
with both high-LET and RBE properties, CIRT causes a
larger proportion of tumor cells to be killed through sev-
eral mechanisms, such as generating more DNA double-
strand breaks and inducing mitotic catastrophe, which is
concluded by ceramide-dependent-apoptotic cell death
[50, 51]. Unsurprisingly, under that circumstance, more
tumor-specific antigens are released; thus, stronger local
and abscopal anti-tumor immunity is induced [52]. Com-
pared with X-rays, carbon ions increased the exposure
of high mobility group box 1 (HMGB1) [53] while rela-
tively reduced the exposure levels of immunosuppressive
factors IL-10 and TGEF-p in lung cancer cell lines. Addi-
tionally, Chiblak et al. [54] found that CIRT prolonged
survival of mice, which was attributed to the reduction
of M2-like macrophages and MDSCs, increase of CD8+
T cells, and generation of an immunopermissive niche,
in contrast to photon radiotherapy. Therefore, CIRT
has the potential to induce higher immunogenicity than
photons. In spite of carbon ion radiotherapy being a tal-
ented modality for malignant tumor patients, the radia-
tion damage to normal tissues adjacent to the tumor still
limits therapeutic gain and the optimal irradiation dose is
also under investigation.

It is considered that a quarter of prostate cancer
patients who underwent definitive external beam radio-
therapy may experience recurrence after treatment, and
the most common local recurrence site of prostate can-
cer is the primary macroscopic tumor [19, 55]. In that
case, a number of studies [29, 56-58] have explored the
effectiveness and safety of the focal boosting strategy
of photon radiotherapy. The phase III FLAME [56] trial
investigated the benefit of an ablative microboost to the
macroscopic visible tumor in 571 patients with inter-
mediate- and high-risk prostate cancer, delivering a
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simultaneous integrated focal boost to the intraprostatic
lesion of 95@Gy in 35 fractions with whole prostate gland
doses of 77 Gy in 35 fractions. Biochemical progression-
free survival was significantly improved in the focal boost
arm compared with the standard arm. However, the
cumulative incidence of late GU and GI toxicity grade >
2 was 23% and 12% in the standard arm versus 28% and
13% in the focal boost arm, respectively, showing that the
differences in toxicities between the two arms were not
significant [59]. Therefore, selective dose escalation to the
macroscopic tumor instead of the whole prostate gland
could be a promising strategy to increase efficacy, while
the dose constraints to the rectum and bladder can be
maintained [60].

In radiobiology, the a/f ratio is used to quantify the
fractionation sensitivity of both normal tissues and
tumors. Tissues with lower o/f ratios demonstrate rela-
tively greater fractionation sensitivity, then a therapeutic
advantage can be gained by using fewer and larger frac-
tions, namely hypofractionation. This hypofractiona-
tion scheme has been validated in the treatment of early
breast cancer [61, 62], and in the palliative treatment of
lung cancer [63]. As mentioned above, the o/f ratio for
prostate cancer is lower than that of the nearby normal
tissues, suggesting that prostate cancer may be more
suitable for hypofractionation. A number of randomized
controlled trials [64—66] showed that moderately hypo-
fractionated photon radiotherapy had similar biochemi-
cal control compared to conventionally fractionated
photon radiotherapy without increasing late toxicity and
this effect seemed to hold true for all baseline clinical
risk groups. Several phase III randomized trials [67, 68]
comparing ultra-hypofractionated or stereotactic body
radiotherapy (SBRT) with conventionally fractionated or
moderately hypofractionated radiotherapy showed very
promising failure-free survival and favorable acute and
late treatment-related toxicities when using SBRT in pre-
dominantly low- and intermediate-risk prostate cancer.
In addition to photon therapy, hypofractionated CIRT
was proven by Japan [14, 17] to yield a good therapeutic
outcome and low toxicity rates. Other potential advan-
tages of hypofractionation include decreased overall
treatment time, reduced cost, and increased convenience
and participant capacity [69].

Thus, the conjunction of focal tumor boosting and
hypofractionated regimen [70, 71] could combine
the above potential advantages of both strategies. For
instance, the multicenter phase II hypo-FLAME study
[71], enrolling 100 patients with intermediate or high-risk
prostate cancer, proved that extreme hypofractionated
doses of 35 Gy in 5 weekly fractions to the entire prostate
gland with a simultaneous ablative microboost up to 50
Gy to the mpMRI-visible tumor was effective and safe.
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Previously, we conducted a phase I/II dose-escalation
CIRT study for localized prostate cancer, and the results
showed that the irradiation dose of 65.6GyE/16 fractions
to the whole prostate and seminal vesical was safe. Fur-
thermore, dosimetric studies [26, 27] and clinical data
[28, 29] proved that SIB irradiation had the advantage
of improving the treatment efficacy for prostate cancer
without increasing irradiation dose and toxicities of rec-
tal and bladder. Therefore, we think it is reasonable to
treat localized prostate cancer using SIB carbon ion radi-
otherapy technique, and this first randomized controlled
trial of SIB carbon ion radiotherapy for localized prostate
cancer is designed.

In summary, this study adopts 68Ga-PSMA PET/CT
and mpMRI to locate target area of the visible prostate
cancer, and SIB technology of CIRT to perform pre-
cise radical radiotherapy for localized prostate cancer.
Through observing treatment-related toxicities after
treatment; investigating the biochemical relapse-free
survival, overall survival, and progression-free survival;
and assessing quality of life, efficacy and safety of SIB car-
bon ion radiotherapy for localized prostate cancer can
be preliminarily explored and optimal carbon ion treat-
ment mode for localized prostate cancer can be hopefully
determined.

Dissemination of study results

The results of the trial will be presented at national and
international scientific conferences and submitted for
publication in peer-reviewed journals.

The investigators will consider all proposed publica-
tions, with the final decision on content and author-
ship resting with the Principal Investigator. The role
of each author will be published in line with journal
requirements.

Once the trial has ended and the data has been col-
lected, analyzed, and published, the anonymous database,
the full protocol, statistical code, and other materials will
be available to other researchers upon request to the
principal investigator.

Trial status

The trial protocol is Version 2.0, 13 August 2020. Recruit-
ment began on 15 October 2020 and is anticipated to be
completed by 1 July 2025.

Data collection and management
CRFs will be recorded by investigators and the research
coordinator. CRFs will be stored and archived by
investigators.

There are special personnel for regular follow-up and
data entry, and the study site has a special database for



Hu et al. Trials (2022) 23:934

data storage. All study-related information will be stored
securely at the study site.

Confidentiality

All study-related information, including all laboratory
specimens, reports, data collection, process, and admin-
istration forms will be stored securely at the study site,
identified by a coded ID number to ensure confidentiality
of participants. Only authorized personnel have access to
patient information and conduct research.
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