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Background: Carbon ion radiotherapy (CIRT) and proton beam therapy (PBT) are
promising methods for prostate cancer, however, the consensus of an increasing
number of studies has not been reached. We aimed to provide systematic evidence for
evaluating the efficacy and safety of CIRT and PBT for prostate cancer by comparing
photon radiotherapy.

Materials and Methods: We searched for studies focusing on CIRT and PBT for
prostate cancer in four online databases until July 2021. Two independent reviewers
assessed the quality of included studies and used the GRADE approach to rate the quality
of evidence. R 4.0.2 software was used to conduct the meta-analysis. A meta-regression
test was performed based on the study design and tumor stage of each study.

Results: A total of 33 studies including 13 CIRT- and 20 PBT-related publications,
involving 54,101, participants were included. The quality of the included studies was
found to be either low or moderate quality. Random model single-arm meta-analysis
showed that both the CIRT and PBT have favorable efficacy and safety, with similar 5-year
overall survival (OS) (94 vs 92%), the incidence of grade 2 or greater acute genitourinary
(AGU) toxicity (5 vs 13%), late genitourinary (LGU) toxicity (4 vs 5%), acute gastrointestinal
(AGI) toxicity (1 vs 1%), and late gastrointestinal (LGI) toxicity (2 vs 4%). However,
compared with CIRT and PBT, photon radiotherapy was associated with lower 5-year
OS (72-73%) and a higher incidence of grade 2 or greater AGU (28-29%), LGU (13-14%)),
AGI (14-19%), and LGl toxicity (8-10%). The meta-analysis showed the 3-, 4-, and 5-year
local control rate (LCR) of CIRT for prostate cancer was 98, 97, and 99%; the 3-, 4-, 5-, and
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8-year biochemical relapse-free rate (BRF) was 92, 91, 89, and 79%. GRADE assessment
results indicated that the certainty of the evidence was very low. Meta-regression results
did not show a significant relationship based on the variables studied (P<0.05).

Conclusions: Currently available evidence demonstrated that the efficacy and safety of
CIRT and PBT for prostate cancer were similar, and they may significantly improve the OS,
LCR, and reduce the incidence of GU and Gl toxicity compared with photon radiotherapy.
However, the quantity and quality of the available evidence are insufficient. More high-
quality controlled studies are needed in the future.

Keywords: proton beam therapy, carbon ion radiotherapy, prostate cancer, efficacy, safety, meta-analysis

1 INTRODUCTION

Prostate cancer is the most common urologic cancer with the
largest increase in the incidence of all cancers (1, 2). It ranks
second most frequent cancer and the fifth leading cause of cancer
death in men. According to the cancer statistic in 2018, there
were almost 1.3 million new cases of prostate cancer and 359,000
associated deaths worldwide in 2018 (3).

Radiation therapy (RT) could be an excellent treatment
option for prostate cancer. The outcomes of RT for prostate
cancer have improved over the years due to the introduction of
new treatment modalities, such as conventional RT, three-
dimensional conformal RT, and intensity-modulated RT
(IMRT) (4-6). Recently, the use of radiation for treating
prostate cancer has increased by approximately 10% compared
with previous Japanese studies (7). However, these radiotherapy
methods may affect healthy tissues and increase the risk of severe
injury to critical organs.

Particle therapy mainly includes carbon-ion RT (CIRT) and
proton beam therapy (PBT) and has been used for prostate cancer
over the past two decades (8). According to the statistics of the
Particle Therapy Co-Operative Group (PTCOG), by end of 2020,
more than 290,000 patients have been treated worldwide with
particle therapy, close to 250,000 with PBT, and close to 40,000
with CIRT (9). CIRT and PBT offer unique biological and
physical advantages over conventional RT with X-rays. Carbon-
ion beams have an estimated threefold higher relative biological
effectiveness (RBE) than X-rays (10). Regarding the physical
aspect, the carbon-ion and proton beam can create a better
dose distribution based on the ability of accelerated ions to
release a maximum amount of energy at the end of their track,
resulting in a Bragg peak (11). These features can permit dose
escalation for tumors with less toxicity in normal tissues.
Favorable clinical outcomes of CIRT and PBT for prostate
cancer have been reported (12-14) but have remained a subject
of controversy.

Some studies have reported excellent disease control and
favorable toxicity of CIRT and PBT for prostate cancer (2, 15-
19). However, most trials recruit a small sample size, and the
overall results have remained mixed or inconclusive. Evidence-
based research can better support clinical practice (20, 21). A
meta-analysis (22) published in 2016 has comprehensively
analyzed the efficacy and safety of CIRT for prostate cancer.

However, only six studies were included in that article, and the
results were not compared with other radiotherapy methods, so it
is difficult to systematically evaluate the advantages of CIRT.
Moreover, the quality of published trials has not been evaluated,
which is an indispensable step before treatment recommendations
can confidently be made.

To fill this gap, the systematic review and meta-analysis thus
aims to collect and analyze current available scientific evidence
on the efficacy and toxicity after CIRT and PBT for prostate
cancer, identifying the related studies and characterizing the
evidence that will benefit the clinical practice and future high-
quality research.

2 MATERIAL AND METHODS

Our methods and reporting followed the Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) (23)
and Cochrane handbook (24, 25).

2.1 Literature Search

Systematic retrieval of PubMed, EMBASE, Web of Science,
Cochrane Library was conducted to collect relevant studies on
CIRT for prostate cancer. Research data were restricted from
January 2010 to July 2021. We did free-text terms and Mesh
searches for the following terms: particle*, heavy ion*, carbon, C-
ion, proton*, prostatic neoplasm*, prostate neoplasm*, prostate
cancer”, prostatic cancer®, prostate tumor*, prostatic tumor*. The
search was restricted to human studies, but no restrictions were
placed on language or publication status. We also searched
Google Scholar to find gray literature. Additionally, we
manually reviewed the reference lists from included studies and
relevant systematic reviews to identify other potential studies. The
detailed research strategy is shown in Supplementary Material 1.

2.2 Literature Selection and Criteria

All the retrieved articles were imported into the EndNote X9
software, and the duplicate publications were excluded. Six
reviewers (ML, XH, WY, YL, YF, MH, YW), working
independently in teams of three, screened all titles and
abstracts of retrieved citations, evaluated potential full texts,
and determined eligibility. Disagreements were resolved
through discussion and consensus or by consulting a third
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member (XL) of the review team. We included studies in the
analysis if they met several criteria:

Types of Study Design: All types of primary studies.

Population: Studies including men (=18 years of age) diagnosed
with prostate cancer (any stage) or mixed cancers were eligible if
separate data for men with prostate cancer were available.

Intervention: Treatment group intervention was CIRT or
PBT alone or combined with other therapies.

Comparators: Control group intervention was photon
radiotherapy including conventional RT, two- or three-
dimensional conformal RT, IMRT, and so on.

Outcomes: Overall survival (OS), local control rate (LCR),
biochemical relapse-free rate (BRF), gastrointestinal (GI), and
genitourinary (GU) toxicity.

If publications were derived from the same population and
reported the same associated outcomes, we included only the
latest published data or results with the largest number of
individuals in our analysis.

We excluded review articles, editorials, comments, and
irrelevant topic studies.

2.3 Data Abstraction

After pilot testing our data extraction forms, paired reviewers (ML
and YL) independently extracted study characteristics and
outcomes for each trial. The main contents of data extraction
included (1) general information: author, year of publication,
country; (2) PICOS characteristics, such as tumor stage, treatment
duration, total dose, segmentation times, control intervention,
outcomes (OS, LCR, BRF, GI, and GU toxicity), study design; (3)
information on relevant items of quality assessment.

2.4 Risk of Bias Assessment

We independently assessed the risk of bias of individual studies
by two reviewers (ML and LY) using different tools according to
different types of study design.

The risk of bias of randomized controlled trials (RCTs) was
assessed by Cochrane Handbook v.5.1.0 (26), including seven
aspects: Random sequence generation (selection bias), Allocation
concealment (selection bias), Blinding of participants and
personnel (performance bias), Blinding of outcome assessment
(detection bias). Every item was classified as yes (“low risk of
bias”), no (“high risk of bias”), or unclear (“moderate risk of
bias”). When the risk of bias of all seven items was defined as low
risk of bias, the trial was defined as “low risk of bias”; when one
or more of the items were classified as high risk, the trial was
graded as “high risk of bias.” In other cases, the trial was graded
as “Unclear risk.” Any conflict in bias classification was resolved
by discussion or, if necessary, through adjudication by a third
reviewer (XL or KY).

The risk of bias of cohort studies was evaluated according to
criteria developed by the Newcastle Ottawa Scale (NOS) (27).
The items included Representativeness of the exposed cohort,
Selection of the non-exposed cohort, Ascertainment of exposure,
Demonstration that outcome of interest was not present at the
start of the study, Comparability of cohorts based on the design
or analysis, Assessment of outcome, Whether follow-up was long
enough for outcomes to occur, Adequacy of follow-up of cohorts.

The risk of bias of case series studies was assessed using a
comprehensive quality assessment tool developed by the
Institute of Health Economics (IHE) in 2012 (28). This tool
includes seven domains and 20 items. The evaluation contents
include research purpose, research topic, intervention measures,
outcome index measurement, statistical analysis, results and
conclusions, conflict of interest, and source of funds. If more
than 14 items (70%) are assessed as “yes” in the included studies,
the acceptable quality is considered.

If there were any differences in the above evaluation process,
they can be resolved through discussion between the two groups
of researchers or by consulting a third party.

2.5 Certainty of Evidence Assessment

Paired reviewers (ML, XL) independently rated the certainty
(quality) of evidence using the Grades of Recommendation,
Assessment, Development, and Evaluation (GRADE) system (29)
and constructed a summary of the findings table. The GRADE
approach was used to assess the quality of a body of evidence based
on the extent to which one can be confident that an estimate of
effect or association reflects the item being assessed. Assessment of
the quality of evidence of observational study considers the risk of
bias, inconsistency, indirectness, imprecision, publication bias, large
effect, plausible confounding, and dose-response gradient (30).

2.6 Statistical Analysis

For the single-arm studies, all outcomes reported incidence rate
in a group of patients, R 4.0.2 software (R-4.0.2, 64 bit, The
Cochrane Collaboration, Oxford, UK) was used to do a single-
arm meta-analysis. This analysis took study effects into account,
and the results were calculated by a binary random-effect method
(Dersimonian-Laird). Forest plots were used to illustrate the
prevalence with a 95% confidence interval. A random-effects
model was used for pooling studies because it considers the
almost inevitable natural variation inherent between studies. The
level of the meta-analysis was set as o = 0.05. Heterogeneity was
assessed using the Cochran Q test and I” statistics. In case of
heterogeneity among the studies, meta-regression and subgroups
analyses were performed. Subgroup analyses were conducted
according to different follow-up duration and severity grades of
toxicity. The meta-regression analysis mainly included the study
design and tumor stage. If the number of variables pooled for an
outcome was at least 10, publication bias was assessed through
the generation of a funnel plot.

Considering that most of the included studies were single-
arm trials without a control group, we cited a published meta-
analysis (31) of photon therapy as a reference. We compared
results of our meta-analyses of CIRT and PBT with the results of
photon therapy from the cited published meta-analyses.

3 RESULTS

3.1 Literature Search Results

and Characteristics

Our searches of four databases yielded 6,378 articles. After 413
duplication records were removed, titles and abstracts of these
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records were screened for inclusion. Full texts of 46 records were
read, and 33 studies (13 about CIRT and 20 focused on PBT) met
the inclusion criteria (Figure 1).

Thirteen (12, 16, 17, 19, 32-40) CIRT for prostate cancer-
related studies including one randomized controlled trial (17)
and 12 observational studies were included. All of the included
studies involved patients from 35 to 2,157 (total 5,336) with a
median mean age of 68 years. Median follow-up across all studies
was 43 months (range 21-84 months). The included studies were
published from 2010 to 2020, including one from China (39),

two from Germany (17, 33), and the remaining 10 reports were
from Japan. Among the included studies, only one randomized
controlled trial (17) compared the safety and efficacy of carbon
ion radiotherapy and proton radiation therapy for prostate
cancer, one phase I/II clinical trial (33) analyzed the efficacy
and safety of CIRT combined with proton radiation therapy for
prostate cancer, and the other studies were single-arm trials that
only discussed the effectiveness and safety of carbon ion
radiotherapy alone for prostate cancer. In terms of irradiation
dose, for the trials from Japan, the irradiation dose was usually

6378 potentially eligible trials
identified through literature search
1108  from PubMed

1088  from EMBASE

424 from Cochrane Library
3758  from Web of Science

413 duplication records

Y

V

removed

5919 records excluded based on
screening of titles or abstracts

Vv

identified

46 potentially relevant articles

Vi

13 articles excluded based
on full text screening by
inclusion criteria

7 conference abstracts

4 reviews

2 no available data

analysis

[ Included } [ Eligibili } r Screening } [ Identiﬁcation}

33 articles included in the meta-

FIGURE 1 | Flow diagram of the literature screening process and results.
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TABLE 1 | Basic characteristics of included studies.

Trial Study ID Country Study design Intervention Tumor Duration Sample Mean/Median Radiotherapy details median  Outcomes
stage Size Age (year) follow-up
Total Fraction Duration  (months)
dose (week)
(GyE)
Protocol9402 Shimazaki, Japan Retrospective CIRT T2b- 1995-2000 35 69 54-72 20 5 47 OS,BRF,
2010 (32) phase I/l trial T3NOMO LCR,GI,GU
Protocol9703 Shimazaki, Japan retrospective CIRT T1b- 1995-2000 61 69 60-66 20 5 84 OS,BRF,
2010 (32) phase I/l trial T2NOMO LCR,GI,GU
Protocol9904(a) Shimazaki, Japan retrospective CIRT T1b-T2a  2000-2003 175 70 60-66 20 5 43 OS,BRF,
2010 (32) phase I/l trial LCR,GI,GU
NR Nikoghosyan, Germany prospective CIRT + IMRT T1-3 2006-2008 14 68 60 20 5 28 Gl,GU
2011 (33) phase I/l trial
Protocol9904(b) Hitoshi, 2012 Japan retrospective CIRT T1b- 2003-2005 120 67.6 66 20 5 21 OS,BRF,
(34) phase Il trial T3bNOMO LCR
Protocol9904-2 Hitoshi, 2012 Japan retrospective CIRT T1b- 2005-2007 171 67.6 63 20 5 29 OS,BRF,
(34) phase Il trial T3bNOMO LCR
Protocol9904-3 Hitoshi, 2012 Japan retrospective CIRT T1b- 2007- 520 67.6 57.6 20 5 43 OS,BRF,
(34) phase Il trial T3bNOMO LCR
Protocol9904 Okada, 2012 Japan retrospective CIRT T1b-T3 2000-2009 664 68.2 63-66 20 5 24 OS,BRF,
(35) phase Il trial GI,GU
Protocol9904 Katoh, 2014 Japan prospective CIRT Tic- 2000-2004 213 69.4 66 20 5 36 OS,BRF,
(36) study T3bNOMO GI,GU
Protocol1002 Nomiya, 2014  Japan prospective CIRT T1b- 2010- 46 66 51.6 12 3 32.3 0S,GIL,.GU
37) phase I/l trial T3bNOMO
ProtocolGUNMAQ702 Hitoshi, 2015 Japan prospective CIRT T1c-T4 2010-2011 76 66 57.6 16 5 51 OS,BRF,
Protocol/ GUNMAO702EX (38) phase Il trial GI,GU
NR Habl, 2016 Germany RCT PBT vs CIRT Tic- 2012-2013 46 68 66 20 3.5 22.3 GI,GU,
(17) T3bNOMO QOL
J-CROS 1501PR Nomiya, 2016  Japan prospective CIRT T1c- 2003-2014 2157 67 51.6-66 20 5 43 OS,BRF,
(12) phase Il trial T3bNOMO LCR,GI,GU
Protocol9904 Maruyama, Japan prospective CIRT T1-8 2000-2007 417 69 63-66 20 5 60 QOL
2017 (19) phase Il trial
NR Zhang, 2019  China retrospective C-RT T1-T4 2015-2018 64 70.5 59.2-66 24 5 24 Gl,GU
@) observational
study
GUNMAO702 Kawamura, Japan prospective CIRT T1- 2010-2013 304 66 57.6 16 4 60 BRF,LCR,
2020 (40) observational T3NOMO 0s,Gl,GU
study
NR Takakusagi, Japan retrospective CIRT T1bNOMO- 2015- 2017 253 70 51.6 12 3 51.6 BRF,GI,GU
2020 (16) observational T3bNOMO
study
NR Nihei, 2011 Japan Prospective PBT Tic-T3a  2004-2007 151 67 74 37 NR 43.4 GI,GU
(53) phasel/ll
NR Yu,2012 (57)  USA Retrospective PBT VS NR 2008-2009 27647 66-94 NR NR NR 12 GI,GU
observational IMRT
study
(Continued)
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TABLE 1 | Continued

Trial Study ID Country Study design Intervention Tumor Duration Sample Mean/Median Radiotherapy details median  Outcomes
stage Size Age (year) follow-up
Total Fraction Duration  (months)
dose (week)
(GyE)
protocols PR-01 (UFJ- Mendenhall, USA Prospective PBT NR 2006-2007 211 68 78-82 39 NR 62.4 0OS,Gl,.GU
2005154); PR-02 (UFJ-2006- 2013 (50) observational
63); PR-03 (UFJ-2006-94) study
protocol PR-01/02 Henderson, USA Prospective PBT NR 2006-2007 171 66 74 39 NR 43.4 GU
2013 (45) observational
study
NR Kim, 2013 Korea Prospective PBT T1- NR 82 68 35-60 5-20 5 42 GI,GU
(48) phasell T3NOMO
NR Fang, 2014 USA Case- PBT vs NR PBT:2010- 394 340 79.2 44 NR 47 GI,GU
(43) Matched IMRT 2012
Study IMRT:2009-
2012
protocol (OTP) Bryant, 2016 USA Prospective PBT T1-T3 2006-2010 1327 66 375 26 NR 63.6 0s,GI,GU
(41) observational
study
NR Vargas, 2016  USA Prospective PBT T1-T2 NR 49 65 38 5 NR 18 Gl,GU
(56) observational
study
protocol, PR0O4 Henderson, USA Prospective PBT T1-T2b 2008-2011 215 65 70-72.5 28-29 9.5 62.4 0OS,Gl,GU
2017 (44) observational
study
NR lwata, 2017 Japan Retrospective PBT T1-T4 2008-2011 1291 68 70-80; 35-40;21-22 NR 69 OS, BRF,
47) observational 63-66 GI,GU
study
NR Nakajima, Japan Prospective HFPT vs T1- 2013-2016 526 69.5 63-78 CFPT20-37  CFPT:7.8; 36 GI,GU
2018 (52) phasel/Il CFPT T3NOMO HFPT:21-39  HFPT:4.2
NR Arimura, 2018 Japan Prospective PBT T2a-T3b  2011-2014 204 65 70;74;78 28;37;39 NR 52 0s,Gl,GU
(18) observational
study
Medicare claims Pan, 2018 USA Retrospective PBT vs NR 2008-2015 12128 <65 NR IMRT: 42; NR 23 GI,GU
(54) observational SBRT vs proton
study IMRT radiation: 39 ;
SBRT:5
NR Ho, 2018 (46) USA Prospective PBT Tic-T3a  2006-2010 254 56 70-82 2-2.5 Gy/ NR 85.2 0os
observational fraction
study
NR Chuong, USA Prospective PBT T1-T3 2010-2016 85 69 70-80.2 44 NR 14.5 Gl,GU
2018 (42) observational
study
NR Santos, 2019  USA Retrospective PBT VS NR 2009-2017 307 59.7 66.0- 1.8-2.0-Gy/ NR 46.1 GU,GlI
(55) observational IMRT 70.2 fraction
study
NR Slater, 2019 USA Prospective PBT T1-T2a 2009-2017 167 65 60 20 4 42 GU,GlI
(13) phasel/ll
(Continued)
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median  Outcomes
follow-up
Fraction Duration (months)
(week)

Radiotherapy details

Total
dose
(GyE)

Mean/Median
Age (year)

Duration Sample
Size

Country Study design Intervention Tumor
stage

Study ID
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(14)

CIRT, carbon ion radiotherapy; PBT, proton beam therapy; OS, Overall survival; LCR, Local control rate; Gl, Gastrointestinal toxicity; GU, Urinary tract toxicity; QOL, Quality of life; IMRT, intensity modulated radiation therapy; HFPT,

Hypofractionated proton therapy; CFPT, conventional fractionated proton therapy; SBRT, stereotactic body radiotherapy.

NR, not reported.

set at 51.6-66 GyYE delivered in 16-20 fractions over 5 weeks.
Protocol9402 utilized a total dose of 54-72 GyE across 20 fractions
over 5 weeks; Protocol1002 and a new study published in 2020
utilized a total dose of 51.6 GyE across 12 fractions over 3 weeks.
For the two trials (17, 33) from Germany, one used 60 GyE across
20 fractions over 5 weeks, and another used 66 GyE across 20
fractions over 3.5 weeks. A study from China (39) set irradiation
dose at 59.2-66 GyE delivered in 24 fractions over 5 weeks.

Twenty PBT-related studies (13, 14, 18, 41-57) involved
48,765 patients with a median mean age of 66 years old.
Median follow-up across all studies was 43.4 months (range 6-
85.2 months). The included studies were published from 2010 to
2020. Most of the studies were from the USA (n=14), five from
Japan (14, 18, 47, 52, 53), and one from Korea (48). For the trials
from the USA, most of the studies set irradiation dose at 70-82
GyE delivered in 5-44 fractions. For the five trials from Japan,
the irradiation dose was usually set at 63-80 GyE delivered in 20—
39 fractions. For one trial from Korea, they set irradiation dose at
35-60 GyE delivered in 5-20 fractions. The basic characteristics
of the included studies are shown in Table 1.

3.2 Risk of Bias and Certainty of the
Evidence Assessment Results

IHE quality assessment results showed that the overall quality of
included case series studies was low, mainly due to none of the
studies reported blinding of outcome assessors; only three studies
(19, 33, 46) reported measured outcomes before and after the
intervention; four studies (12, 42, 47, 53) reported collecting
cases in multiple centers; and six studies (16, 18, 38, 39, 44, 49)
reported that participants recruited consecutively (Figure 2).

NOS quality assessment results indicated that the risk of bias
of the included six cohort studies was low, with quality score 7-9
(Supplementary Material 2).

The results of the ROB evaluation showed that the risk of bias
in a randomized controlled trial (17) was unclear. In this RCT,
“Random sequence generation,” “Allocation concealment,”
“Blinding of participants and personnel,” and “Blinding of
outcome assessment” was not reported. “Incomplete outcome
data,” “Selective reporting,” and “Other bias” were judged as low-
risk bias.

GRADE assessment results showed the certainty of the
evidence was low or very low, mainly because of the risk of
bias, high heterogeneity between studies (inconsistency), and
wide confidence intervals (imprecision) (Table 2).

3.3 Meta-Analysis

3.3.1 Overall Survival

Based on the random effect model after inclusion of eight studies
(32, 34-36, 40, 58-60), the 3-, 4-, 5-, 8-year OS of CIRT for prostate
cancer was 96% (95% CI, 92-99%), 94% (95% CI, 89-100%), 94%
(95% CI, 92-97%), 84% (95% CI, 79-88%), respectively. Cochran
Q statistics show 56, 78, and 73% heterogeneity, respectively,
among studies in 3-, 4-, 5-year OS (Figure 3).

Seven studies (14, 18, 41, 44, 46, 47, 50) analyzed OS of PBT
for prostate cancer. A random-effect meta-analysis indicated that
the 3-, 4-, 5-year OS was 97% (95% CI, 96-98%), 87% (85-89%),
92% (95% CI, 87-97%), respectively (Figure 4).
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1.hypothesis/aim/objective stated

2 characteristics of the participants description

3.the cases collected in more than one centre

4.eligibility criteria explicit and appropriate
5.participants recruited consecutively

6.participants at a similar point in the disease
7.intervention clearly described in the study

8 additional interventions clearly reported

9.outcome measures clearly defined

10.outcomes measured with objective/subjective methods
11.outcomes measured before and after intervention

12 statistical tests used to assess the outcomes appropriate
13 the length of follow-up reported

14 the loss to follow-up reported

15 study provide estimates of random variability in data analysis
16 adverse events reported

17 .conclusions of the study supported by results

18 both competing interest and source of support reported

[ —R ]
I 5o,

19 study conducted prospectively
20 relevant outcomes assessed blinded to intervention status 0%

0%
BEYes

FIGURE 2 | Risk of bias assessment of case series studies of proton and carbon ion radiotherapy for prostate cancer.
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Unclear ENo

The results of a meta-analysis (31) published in 2017 showed
that the 5-year OS of patients with prostate cancer treated with
conventional photon radiotherapy was 72% (1,854/2,583), and
hypofractionated photon radiotherapy was 72.8% (1,897/2,605).
Noth of them was lower than that of patients treated with CIRT
and PBT.

3.3.2 Local Control Rate

Six studies (five protocols) (32, 34, 40, 58-60) evaluated LCR of
CIRT for prostate cancer. Random-effects model single-arm meta-
analyses showed that the 3-, 4-, 5-year LCR of CIRT for prostate
cancer was 98% (95% CI, 95-100%), 97% (95% CI, 95-100%), and
99% (95% CI, 98-99%), respectively. I was 0% among studies of
3-, 4-, 5-year LCR (Supplementary Figure 1 and Table 3).

3.3.3 Biochemical Relapse-Free Rate

Eight studies (32, 34-36, 40, 58-60) reported BRF of CIRT for
prostate cancer. Random effects model single-arm meta-analyses
showed that the 3-, 4-, 5-, 8-year BRF of CIRT for prostate cancer
was 92% (95% CI, 88-95%), 91% (95% CI, 83-99%), and 89%
(95% CI, 86-92%), 79% (95% CI, 74-84%), respectively. I? was
79 and 68% among studies of 4-, 5-year BRF (Supplementary
Figure 2 and Table 3).

3.3.4 Gastrointestinal Toxicity
Eight studies (12, 16, 17, 32, 36-38, 59) reported acute
gastrointestinal toxicity (AGI), and nine studies (12, 16, 17, 32,

34-38, 40, 58, 59) provided detailed data on late gastrointestinal
toxicity (LGI). The results of a randomized controlled trial (17)
showed that the incidence of grade 2 AGI toxicity of proton and
heavy-ion radiotherapy was 8.7 and 2.2%, respectively. Random
effects model single-arm meta-analyses showed that the grade 2
or more serious AGI and LGI of CIRT for prostate cancer was 1%
(95% CI, 0-3%) and 2% (95% CI, 1-3%), and I* was 95 and 78%,
respectively (Supplementary Figures 3, 4 and Table 3).

Eight studies (13, 18, 42, 48, 50, 51, 53, 56) provided sufficient
data about AGI of PBT for prostate cancer, and 11 studies (14,
18, 41, 42, 44, 47, 48, 50, 51, 53, 56) reported LGI of PBT for
prostate cancer. A random-effects model single-arm meta-
analyses showed that the Grade 2 or higher AGI and LGI of
PBT for prostate cancer was 1% (95% CI, 0-2%) and 4% (95% CI,
2-5%) (Supplementary Figures 5, 6 and Table 3).

A meta-analysis (31) showed that the incidence of grade 2-4
AGI toxicity of conventional photon radiotherapy was 14% (314/
2,258) and the LGI toxicity was 8% (211/2,499). The incidence of
grade 2-4 AGI toxicity of hypofractionated photon radiotherapy
was 19% (433/2,271), and the LGI toxicity was 10% (243/2,551).
It can be seen that the incidence of GI toxicity of CIRT and PBT
was lower than that of conventional photon radiotherapy and
hypofractionated photon radiotherapy.

3.3.5 Genitourinary Toxicity
An included RCT (17) reported no patient developed grade 3/4
acute genitourinary toxicity (AGU) in the proton group and
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TABLE 2 | Summary of findings of carbon ion radiotherapy and proton beam therapy for prostate cancer patients.

Outcomes Carbon ion radiotherapy Proton Beam Therapy
Ne of participants Certainty of the evidence Ne of participants Certainty of the evidence

(studies) (GRADE) (studies) (GRADE)
0S 2307 000 11417 000
follow up: range 36 months to 120 (8 observational studies) VERY LOW (7 observational studies) VERY LOW
months
LCR 1004 (6 observational @000 - -
follow up: range 36 to 60 months studies) LOW
BRF 2211 a000 - _
follow up: range 36 months to 96 (8 observational studies) VERY LOW
months
acute gastrointestinal toxicity (AGI) 7753 - 000) 4057 000
follow up: range 6 months to 96 (8 observational studies) VERY LOW (8 observational studies) VERY LOW
months
(LGl 11304 a000 10856 000
follow up: range 6 months to 96 (12 observational studies) VERY LOW (12 observational studies) VERY LOW
months
AGU 10038 a0O00 6164 000
follow up: range 6 months to 96 (9 observational studies) VERY LOW (12 observational studies) VERY LOW
months
LGU 12384 000 11575 a000
follow up: range 6 months to 96 (12 observational studies) VERY LOW (15 observational studies) VERY LOW

months

OS, overall survival; LCR, local control rate; BRF, biochemical relapse-free rate; AGl, acute gastrointestinal toxicity; LGl: late gastrointestinal toxicity; AGU, acute genitourinary toxicity; LGU,

late genitourinary toxicity.
GRADE Working Group grades of evidence

High certainty: \We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: \We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially

different.

Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect.

CIRT group. Random effects model single-arm meta-analyses
of 8 studies (12, 16, 17, 32, 34-38, 40, 58, 59) showed that the
grade 2 or more serious AGU of CIRT for prostate cancer
was 5% (95% CI, 2%-8%), I> was 97%. Random effects
model single-arm meta-analyses of nine studies (12, 16, 17,
32, 34-38, 40, 58, 59) showed grade 2 or more serious late
genitourinary toxicity (LGU) of CIRT for prostate cancer was
4% (95% CI, 2-7%); I* was 93% (Supplementary Figures 7, 8
and Table 3).

Twelve studies (13, 18, 41-43, 45, 48, 50, 51, 53, 55, 56)
reported AGU of PBT for prostate cancer, and 15 studies (13, 14,
18, 41-45, 47, 48, 50, 51, 53, 55, 56) focused on LGU of PBT for
prostate cancer. The random effects model single-arm meta-
analyses showed that the grade 2 or higher AGU and LGU of
PBT was 13% (95% CI, 9-17%) and 5% (95% CI, 4-7%)
(Supplementary Figures 9, 10 and Table 3).

A meta-analysis (31) showed that the incidence of grade
2-4 AGU toxicity of conventional photon radiotherapy
was 28% (627/2,258), and the LGU toxicity was 13% (328/
2,499). The incidence of grade 2-4 AGU toxicity of
hypofractionated photon radiotherapy was 29% (666/2,271),
and the LGU toxicity was 14% (367/2,550). The incidence of
GU toxicity of CIRT and PBT was lower than that of
conventional photon radiotherapy and hypofractionated
photon radiotherapy.

3.4 Meta-Regression and Publication Bias
Meta-regression results did not show a significant relationship
based on the variables studied. For all outcomes, based on the
study design, no significant relationship was obtained. All P
values were greater than 0.05. Also, the results of meta-regression
between the tumor stage and the outcomes of CIRT and PBT for
prostate cancer did not manifest a significant relationship. All P
values were greater than 0.05.

Ten or more studies reported LGI, AGU, and LGU of
PBT for prostate cancer, so we did publication bias analyses
for the three outcomes. The two sides of the funnel plots were
not stacked, indicating the possibility of publication bias (see
Supplementary Figure 11).

4 DISCUSSION

This is the first English language meta-analysis of CIRT
and PBT for prostate cancer patients reported to date. We
identified 33 published studies including a total of 54,101
patients from the USA, Japan, Germany, China, and Korea.
Based on the available evidence, we found that compared
with photon therapy, CIRT and PBT for prostate cancer
had higher OS and LCR, with both over 90%, and lower
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Weight Weight
Study Events Total Proportion 95%-Cl (fixed) (random)
subgroup = 3-yea
protocol 9402 33 35 [0.81;0.99] 1.3% 4.8%
protocol 9703 60 61 . [0.91;1.00] 7.4% 9.7%
leoyukl Katoh2014 199 213 . [0_89, 0.96 6.8% 9.6%
Fixe ect model 309 5 [0.94: 0 15.5 -
subgroup = 4-yea S
protocol 9904 (a) 2006 160 175 . [0.86; 0.95] 4.4% 8.5%
Protocol GUNMAO0702/GUNMAQO702EX 74 76 . [0 91;1.00] 5.8% 9.2%
t model 251 5 0.98] 10.2% -
ts model 39; 1.00] 7.7
subgroup = 5-year OS
protocol 9402 31 35 [0.73;0.97] 0.7% 3.2%
protocol 9703 55 61 [0.80; 0.96] 1.4% 5.0%
protocol 9904 (b) ,9904-2,9904-3 167 175 [0.91;0.98] 7.9% 9.9%
protocol 9402,9703,9904(a) 229 254 [0.86;094] 56% 9.1%
Tohru Okada2012 632 664 [0.93;097] 285% 11.5%
GUNMAO0702b 297 304 . [0 95 0.99] 26.6% 11.5%
Fixed effect n 493 6 [ 0.97] 70.6 -
: [0.92; 0.97] - 50.1%
x|\‘\r1 :I:I vea i
213 254 L E— 1 3.7% 8.0%
254 —_— i 3.7% -
—_— E 3.0
Fixed effect model 2307 <I> 0.95 [0.94; 0.96] 100.0% --
Random effects model == 0.94 [0.91; 0.96] -- 100.0%
Heterogeneity: I* =79%, t* = 0.0010, p <0.01 f T T T !
075 08 085 09 095
FIGURE 3 | Overall survival rate of carbon ion radiotherapy for prostate cancer.

incidence of grade 2 or greater GI and GU toxicity, ranging from
1 to 13%. In particular, the advantages of carbon-ion
radiotherapy are more prominent, 5-year OS was 94%, and the
incidence of grade 2 or greater GI and GU toxicity ranged from 1
to 5%. The quality of the included studies was found to be either
low or moderate quality, and the certainty of the evidence
was very low.

The promising aspect of CIRT and PBT for cancer therapy
lies in the superior biological dose distribution that makes the
carbon ion and proton beam the best-balanced particle beam
available (60). According to the meta-analysis published in
2016 (22), the 5-year OS rate of patients with prostate cancer
treated by CIRT was 91.8%. The results of our meta-analysis
showed that the 5-year OS rates of prostate cancer patients
treated with CIRT and PBT were 94 and 92%, respectively. The
consistency of the two studies confirmed the significant
advantage of CIRT and PBT for prostate cancer. A meta-

analysis (31) published in 2017 indicated that the 5-year OS
rate of prostate cancer patients treated with conventional
photon radiotherapy and moderate hypofractionated photon
radiotherapy were 72% (1,854/2,583) and 73% (1,897/2,605).
Both of them were lower than that of patients treated with
CIRT and PBT; the difference between the groups was
statistically significant.

GI and GU toxicity is often a problem with RT for prostate
cancer. CIRT and PBT can more strongly reduce the rectal dose
than other radiotherapy based on its sharp dose distribution to the
target. In this study, we found the incidence of grade 2 or greater
GI and GU toxicity of CIRT for prostate cancer was ranged from
1-5% and PBT with 1-13%. According to the previous studies, in
patients with prostate cancer, grade 2 or greater LGI toxicity was
observed 14-24% treated with high-dose 3DCRT (61, 62), and 5-
15% using IMRT to spare the rectal dose (4, 63, 64). A meta-
analysis (31) showed that the incidence of grade 2-4 GI and GU
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Weight Weight
Study Events Total Proportion 95%-Cl (fixed) (random)
subgroup = 3-year OS i
Iwata 2017 1247 1291 P 0.97 [0.95;0.98] 19.6% 9.1%
Fixed effect model 1291 { i & 0.97 [0.96; 0.98] 19.6% -
Random effects model R 0.97 [0.96; 0.98] 9.1%
subgroup = 4-year OS i
Iwata 2017 1122 1291 * i 0.87 [0.85;0.89] 57% 9.1%
Fixed effect model 1291 o 0.87 [0.85; 0.89] 5.7% -
Random effects model & i 0.87 [0.85; 0.89] - 9.1%
subgroup = 5-year OS i
Mendenhall2013 189 211 e 0.90 [0.85;0.93] 1.1% 9.0%
Bryant2016 1272 1327 i 0.96 [0.95;097] 16.7% 9.1%
Henderson2017 207 215 i—" 0.96 [0.93;098] 3.0% 9.1%
Iwata 2017 976 1291 - i 0.76 [0.73;0.78] 3.5% 9.1%
Takagi 2020 1946 2021 i 0.96 [0.95;0.97] 28.2% 9.1%
Arimura 2018 197 204 i 0.97 [0.93;099] 3.1% 9.1%
Fixed effect model 5269 P& 0.95 [0.94; 0.95] 55.6% =
Random effects model <= 0.92 [0.87; 0.97] ~  54.5%
subgroup =7-year OS i
Iwata 2017 293 1291 =+ i 0.23 [0.20;0.25] 3.7% 9.1%
Ho2018 249 254 i & 0.98 [0.95;099] 6.6% 9.1%
Fixed effect model 1545 & ' 0.71 [0.70; 0.72] 10.2% -
Random effects model E 0.60 [0.00; 1.00] - 18.2%
subgroup = 10-year OS i
Takagi 2020 1760 2021 = | 0.87 [0.86;0.89] 9.0% 9.1%
Fixed effect model 2021 & i 0.87 [0.86; 0.89] 9.0% -
Random effects model & .87 [0.86; 0.89] - 9.1%
Fixed effect model 11417 ; 0.92 [0.91; 0.92] 100.0% -
Random effects model e 0.86 [0.76; 0.95] - 100.0%
Heterogeneity: /° = 100%, t° = 0.0245, p = 0 '
0.4 0.6 0.8

FIGURE 4 | Overall survival rate of protons radiotherapy for prostate cancer.

toxicity in conventional photon radiotherapy was ranged from 8
to 28% and in hypofractionated photon radiotherapy was 10-29%.
It can be seen that the incidence of grade 2 or greater GI and GU
toxicity of photon radiotherapy is higher than that of CIRT
and PBT.

In the aspect of quality of included studies, the published
clinical trials of CIRT for prostate cancer were low, and there
was still room for improvement in the future. The quality
evaluation results of the included studies showed that the
following aspects should be paid attention to in future clinical

trials: firstly, the recruitment of patients should come from
multiple centers; secondly, whether there were additional
interventions should be reported in detail; thirdly, the
conflict of interest and funding sources should be reported
clearly (65-67); lastly, the importance of the implementation
of the blind method for patients needs to be emphasized in
trials (68, 69). Improvements in the above aspects can greatly
reduce the risk of bias in the research results (70). In addition,
most of the studies we included were from Japan and the USA,
with a few from Germany, China, and Korea, and the
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TABLE 3 | Meta-analysis results.

Outcomes Subgroups Intervention No of studies
(O] 3-year Carbon 3
Proton 1
4-year Carbon 2
Proton 1
5-year Carbon 6
Proton 6
photon (C-RT) 5
photon (HRT) 5
8-year OS Carbon 1
AGI Grade 0 Carbon 7
Proton 2
Grade 1 Carbon 6
Proton 5
Grade 2 or higher Carbon 7
Proton 8
photon (C-RT) 6
photon (HRT) 6
LGl Grade O Carbon 7
Proton 2
Grade 1 Carbon 8
Proton 6
Grade 2 or higher Carbon 9
Proton 11
photon (C-RT) 6
photon (HRT) 6
AGU Grade O Carbon 7
Proton 2
Grade 1 Carbon 7
Proton 6
Grade 2 or higher Carbon 8
Proton 12
photon (C-RT) 6
photon (HRT) 6
LGU Grade O Carbon 7
Proton 2
Grade 1 Carbon 7
Proton 6
Grade 2 or higher Carbon 9
Proton 15
photon (C-RT) 6
photon (HRT) 6
LCR 3-year LCR Carbon 2
4-year LCR Carbon 1
5-year LCR Carbon 3
BRF 3-year BRF Carbon 1
4-year BRF Carbon 2
5-year BRF Carbon 6
8-year BRF Carbon 1

No of patients Proportion (%) 95% CI 12(%)
309 96 92-99 56
1291 97 96-98 /
251 94 89-100 78
1291 87 85-89 /
1493 94 92-97 73
5269 92 87-97 98
2583 72 / 0
2605 73 /

254 84 79-88 /
3044 95 92-98 93
233 88 84-92 0
887 11 5-17 95
1661 16 12-20 72
3044 1 0-3 95
2163 1 0-2 66
2258 14 / 53
2271 19 / 53
1986 90 87-93 75
233 56 16-96 98
3914 19 0-58 100
3682 18 10-26 97
4218 2 1-3 78
6941 4 2-5 92
2499 8 / 69
2550 10 / 69
3044 56 30-81 99
233 29 23-34 0
951 41 25-57 97
1755 68 62-73 73
3108 5 2-8 88
4176 13 9-17 97
2258 28 / 62
2271 29 / 62
3661 66 44-88 100
233 76 57-94 90
1796 29 15-44 98
3682 20 4-35 99
4029 4 2-7 93
7660 5 4-7 93
2499 13 / 17
2550 14 / 17
96 98 95-100 0
175 97 95-100 /
733 99 98-99 0
213 92 88-95 /
251 91 83-99 79
1493 89 86-92 68
254 79 74-84 /

OS, overall survival; LCR, local control rate; BRF, biochemical relapse-free rate; AGl, acute gastrointestinal toxicity; LGl, late gastrointestinal toxicity; AGU, acute genitourinary toxicity; LGU,
late genitourinary toxicity; C-RT, conventional radiotherap; HRT, hypofractionated radiotherapy.

publication bias analysis results showed that there might exist
publication bias, so the results should be interpreted
with caution.

Strengths of this review include our use of explicit eligibility
criteria; conducted a comprehensive literature search
developed with an experienced librarian; performed a
duplicate assessment of study eligibility, risk of bias, and data
extraction; summarized the data using a transparent statistical
analysis. This transparent and detailed analysis of existing
evidence of efficacy and safety of CIRT and PBT for prostate

cancer has reference significance for future research and
clinical practice. But there are still some limitations: Firstly,
most of the included studies in the meta-analysis were single-
arm Phase I/II clinical trials and there were few controlled
studies on CIRT and PBT for prostate cancer; therefore, we
cannot compare the advantages and disadvantages of CIRT
and PBT with other treatment methods based on a balanced
baseline. Secondly, clinical studies on prostate cancer
treatment using CIRT and PBT are limited, and most of the
included case series studies had low quality, and the certainty
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of the evidence was also very low, so the results should be
interpreted with caution.

5 CONCLUSIONS

This meta-analysis found that compared with photon
radiotherapy, CIRT and PBT for prostate cancer may improve
the overall survival rate and local tumor control rate, and
reduce the toxicity of the urinary and gastrointestinal tract,
so they have a good application prospect. In the future, more
high-quality controlled studies are needed to further analyze
the advantages of carbon and proton radiotherapy over
other treatments.
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