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Abstract

Objective Carbon ion radiotherapy (C-ion RT) for chordomas has been gradually performed in several research
centres. This study aimed to systematically review the results of clinical reports from these institutions and to evaluate
the safety and efficacy of C-ion RT.

Methods In accordance with the PRISMA guidelines and set search strategies, we searched four databases for arti-
cles from their inception to February 11, 2023. These articles were screened, and data were extracted independently
by two researchers. STATA 14.0 was used for statistical analysis of survival results.

Results A total of 942 related articles were retrieved, 11 of which were included. Regarding lesion location, 57%
(n=>552) originated in the sacral region, 41% (n=398) in the skull base, and 2% (n=19) in the spine (upper cervi-

cal). The local control (LC) rates at 1,2, 3,5, 9, and 10 years in these studies were 96%, 93%, 83%, 76%, 71%, and 54%,
respectively. The overall survival (OS) rates at 1, 2, 3, 5,9, and 10 years in these studies were 99%, 100%, 93%, 85%,
76%, and 69%, respectively. Acute and late toxicities were acceptable, acute toxicities were mainly grade 1 to grade 2
and late toxicities were mainly grade 1 to grade 3.

Conclusion C-ion RT has attractive clinical application prospects and is an important local treatment strategy
for chordomas. Encouraging results were observed in terms of LC and OS. Meanwhile, the acute and late toxicities
were acceptable.

PROSPERQ registration number. CRD42023398792.
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resection [7]. Previous studies have reported that local
control (LC) is a significant survival outcome [7]. How-
ever, complete resection of some chordomas are often
difficult in patients with adjacent to critical anatomical
structures such as the brainstem, spinal cord, and optic
pathways [8, 9]. Radiotherapy (RT) plays an irreplace-
able role in the treatment of chordomas, especially those
that are inoperable or have residual tumours after surgery
[10].

Chordomas are known to have low radiosensitivity,
requiring higher-dose irradiation (at least 70 Gy) to gain
adequate LC [11]. However, because of the proximity of
some chordomas to critical risk organs, such as the brain
stem, spinal cord, and optic nerve pathways, achieving
high doses of tumour irradiation can be difficult with
traditional photon therapy. In recent decades, particle
radiotherapies, such as proton beam therapy (PBT) and
carbon ion radiotherapy (C-ion RT), have emerged as RT
techniques. A higher dose can be delivered to the tumour
area (Bragg peak effect) compared to photons while pro-
tecting the organs at risk (OARs). Compared with PBT
and photons, C-ion RT has better relative biological
effectiveness (RBE). Considering the abovementioned
technical advantages, C-ion RT can become a new treat-
ment option for chordomas [12].

In recent years, C-ion RT for chordomas has been
gradually performed in several research centres. This
study aimed to systematically review the results of clini-
cal reports from these institutions and to evaluate its
safety and efficacy.

Materials and methods

Literature identification

This study was registered in the International Prospective
Register of Systematic reviews (PROSPERO) (Registra-
tion No. CRD42023398792). This systematic review and
meta-analysis adhered to the PRISMA guidelines and
recommendations [13].

Search strategy

Candidate articles were obtained by searching four data-
bases (Cochrane Library, Embase, PubMed, and Web of
Science) from their inception to 11 February 2023. Lit-
erature not written in English was excluded. The search
terms were as follows: ((“Chordoma OR Chordomas OR
Chordoma*”) AND (“Heavy Ion Radiotherapy OR Heavy
Ion Radiotherapies OR Heavy Ion Therap* OR Heavy lon
Radiation Therapy OR Carbon Ion Radiotherapy OR Car-
bon Ion Therap* OR Carbon Ion Radiation Therapy OR
C-ion therapy OR hadron OR particle OR charged parti-
cle”)). In addition, we traced the relevant references and
manually searched the abstracts of congress meetings.
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Inclusion and exclusion criteria

These articles were screened, and data were extracted
independently by two researchers (MD and QZ). The
inclusion criteria were as follows: (a) all patients were
pathologically diagnosed with chordoma; (b) patients
received C-ion RT; and (c) reported incidence of tox-
icity and survival outcomes, including overall survival
(OS) and LC from initial diagnosis. The exclusion cri-
teria were as follows: (a) studies on patients receiv-
ing other RT techniques, including photons, PBT,
brachytherapy, and other charged particles; (b) dupli-
cate publications; (c) overlapping cohorts (only the
most complete studies were included); (d) re-irradi-
ation studies; (e) sample size of <10 patients; (f) lack
of detailed data; and (g) other irrelevant studies (case
reports, reviews, and protocols).

Data extraction

Data extraction was performed independently by two
reviewers (RL and QZ), and the results were verified
by a third reviewer (DW). The following data were
extracted: (a) research institution, study period, and
study design; (b) baseline patient characteristics; (c)
clinical features and treatment regimens; (d) survival
and toxicity data; and (e) evaluation indicators of qual-
ity and bias.

Quality and bias assessments

The Joanna Briggs Institute criteria were used to assess
the quality and bias of the included literature [14],
which were independently completed by two research-
ers (QZ and MD) (Table 1) [15-25].

Statistical analysis

Baseline variables and incidence of toxicity were ana-
lysed using descriptive statistics. Data descriptions
included frequencies and percentages for dichotomous
data, and means with standard deviations or medians
with interquartile ranges for continuous data. We used
a random effects model to provide an overall pooled
estimate for the case series studies. We computed pro-
portions with 95% confidence intervals (ClIs) to esti-
mate the effect sizes for continuous outcomes. All the
analyses were performed using STATA version 14.0
(StataCorp, College Station, Texas, USA).

Results

Search strategy

A total of 942 candidate articles were identified
through the systematic literature search (Fig. 1). Based
on the exclusion criteria, 61 relevant studies were
screened. As demonstrated in Fig. 1, we excluded
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Table 1 Assessment of risk of bias in included studies
Study Criterion

a b 4 d e f g h i j
Japan
Mizoe 2009 [15] Yes Yes Yes Yes No Yes Yes Yes No Yes
Imai et 2011 [16] Yes Yes Yes Yes No Yes Yes Yes No Yes
Imai et 2016 [17] Yes Yes Yes Yes No Yes Yes Yes No Yes
Koto 2020 [18] Yes Yes Yes Yes No Yes Yes Yes No Yes
Demizu 2021 [19] Yes Yes Yes Yes No Yes Yes Yes No Yes
Shiba et 2021 [20] Yes Yes Yes Yes No Yes Yes Yes No Yes
Aoki 2022 [21] Yes Yes Yes Yes No Yes Yes Yes No Yes
ltaly
Evangelisti 2019 [22] Yes Yes Yes Yes No Yes Yes Yes No Yes
lannalfi 2020 [23] Yes Yes Yes Yes No Yes Yes Yes No Yes
Germany
Uhl 2014 [24] Unclear Yes Yes Yes No Yes Yes Yes No Yes
Mattke 2023 [25] Yes Yes Yes Yes No Yes Yes Yes No Yes

(a) Were there clear criteria for inclusion in the case series?; (b) Was the condition measured in a standard, reliable way for all participants included in the case series?;
(c) Were valid methods used for identification of the condition for all participants included in the case series?; (d) Did the case series have consecutive inclusion of
participants?; (e) Did the case series have complete inclusion of participants?; (f) Was there clear reporting of the demographics of the participants in the study?; (g)
Was there clear reporting of clinical information of the participants?; (h) Were the outcomes or follow-up results of cases clearly reported?; (i) Was there clear reporting

of the presenting sites’/clinics’demographic information?; (j) Was statistical analysis appropriate?

another 50 additional items. Eleven studies from dif-
ferent regions were included as follows (Table 1): Japan
(n=7), Italy (n=2), and Germany (n=2). In terms of
research design, more than half were retrospective
studies (n=7), and the other four were prospective
studies (n=3) and phase I/II or II trials (n=1) (Table 2)
[15-25].

Baseline characteristics

As listed in Table 2, C-ion RT was performed on 969
patients with chordomas from seven different research
institutions. All 11 included studies reported primary
endpoints (LC and OS) and secondary endpoints (toxic-
ity) after C-ion RT. Table 2 summarizes the main details
of the patients’ baseline characteristics in all the included
studies [15-25].

Clinical features and treatment regimens

In total, 969 patients were pathologically diagnosed with
chordomas. Regarding lesion location, 57% (n=>552) of
the tumours arose in the sacral region, 41 (n=398) in the
skull base, and 2 (n=19) in the spine (upper cervical).
Nine studies have reported on tumour status; the recur-
rent presentations were 13.2% (n=119) and primary
presentations were 86.8% (n=785). Table 3 summarizes
the main details of the tumour status, histology, surgery,
and chemotherapy [15-25].

C-ionRT

In terms of C-ion RT, nine studies have reported on the
beam delivery mode (Table 3). Radiation oncologists
in Japan tend to use passive scanning, whereas those in
Germany and Italy tend to use active scanning. Overall,
the median target volume was 13 374 cc. Regarding dose
regimens (Table 3), significant differences among differ-
ent research institutions were observed [15-25].

Pooled incidences of LC

The LC incidence at 1-, 2-, 3-, 5-, 9-, and 10-years in
these studies were 96% (95% CI=0.93-1, I>=0%), 93%
(95% CI=0.85-1.01, I>=0%), 83% (95% CI=0.77-0.9,
2=64%), 76% (95% CI=0.71-0.81, I*=67.5%), 71% (95%
CI=0.55-0.86, *=0%), and 54% (95% CI=0.49-0.59,
PP=0%) respectively (Fig. 2) [15—25]. For the five studies
regarding skull base chordomas, LC incidence at 1-, 3,
5-, 9-, and 10-years were 96% (95% CI=0.93-1, I*=0%),
80% (95% CI=0.76-0.85, >=0%), 73% (95% CI=0.67—
0.79, >=43.9%), 71% (95% CI=0.55-0.86, I>=0%), and
56% (95% CI=0.49-0.63, I>=3.4%), respectively (Addi-
tional file 1: Fig. S1) [15, 18, 23-25]. For the five stud-
ies regarding sacral chordomas, LC incidence at 2-, 3-,
5-, and 10-years were 89% (95% CI=0.74—1.03, I*=0%),
94% (95% CI=0.85-1.02, I*=0%), 80% (95% CI=0.72—
0.88, ’=79.2%), and 52% (95% CI=0.45-0.59, I*=0%),
respectively (Additional file 2: Fig. S2) [16, 17, 19, 20, 22].
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Fig. 1 Search results per the PRISMA guidelines

Pooled incidences of OS

As presented in Fig. 3, after undergoing CIRT for 1-,
2-, 3-, 5-, 9-, and 10-years, the OS rates for chordo-
mas were 99% (95% CI=0.97-1.01, >=0%), 100% (95%
CI=0.99-1.01, *=0%), 93% (95% CI=0.9-0.96, I*=0%),
85% (95% CI=0.82-0.88, ’=22%), 76% (95% CI=0.62—
0.91, *=0%), and 69% (95% C1=0.62-0.76, I’=41.6%),
respectively (Fig. 3) [15-25]. For different tumour sites,
the OS rates at 1-, 3-, 5-, 9-, and 10-years for skull base
chordomas were 99% (95% CI=0.97-1.01, >=0%), 93%
(95% CI=0.91-0.96, ’=0%), 86% (95% CI=0.82—-0.90,
P=271%), 76% (95% CI=0.62-0.91, I’=0%), and
74% (95% CI=0.67-0.80, I*=0%), respectively (Addi-
tional file 3: Fig. S3) [15, 18, 23-25]; the OS rates at 2-,
3-, 5-, and 10-years for sacral chordomas were 100%
(95% CI=0.99-1.01, ?=0%), 91% (95% CI=0.81-1.01,
I>=0%), 84% (95% C1=0.81-0.87, I*=0%), and 67% (95%
CI=0.60-0.74, I?=0%), respectively (Additional file 4:
Fig. S4) 16, 17, 19, 20, 22].

Toxicity

Assessment on the toxicity of C-ion RT is presented in
Table 4 [15-25]. Our systematic review observed grade
3 and 4 acute toxicity, with incidences of 2.9-5.3% and
0.5%, respectively [16, 18, 19, 21]. For grade 4 and 5 late
toxicities, the incidences were 2.1-5.9% and 2.9%, respec-
tively [16—19]. A study on skull base chordomas identi-
fied grade 3 acute and grade 4 and 5 late toxicities; the
incidence were 2.9% and 2.9-5.9%, respectively [18]. Seri-
ous late toxicities included mucositis (grade 5, n=1) and
optic nerve injury (grade 4, n=2) [18]. Regarding chor-
domas in the sacral region, grade 4 acute and late toxici-
ties were observed, with incidences of 0.5% and 1.1-2.3%,
respectively [16, 17, 19]. The major radiation-induced
acute and late toxicities were skin erythema or dermati-
tis, gastrointestinal tract, neuropathy, myositis, insuffi-
ciency fracture, pain, and urinary retention. Serious late
toxicities included skin erythema or dermatitis (grade 4,
n=38) and pain (grade 4, n=1) [16, 17, 19]. In one study
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Table 2 Baseline characteristics of included studies
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Study Institution Study type  Outcomes Period No. of patients Median age Male/female Median

(year) follow-up
(month)

Mizoe 2009 [15]  Japan (NIRS) phase I/llor Il Survival, toxicity 1995-2007 33 47 (16-76) 14/19 53(8-129)

Imai 2011 [16] Japan (NIRS) retrospective  Survival, toxicity 1996-2007 95 66 (30-85) 68/27 42 (13-112)

Imai 2016 [17] Japan (NIRS) retrospective  Survival, toxicity 1996-2013 188 66 (26-87) 128/60 62 (6.8-147.5)

Koto 2020 [18] Japan (NIRS) retrospective  Survival, toxicity 2002-2016 34 52 (16-76) 18/16 108 (9-175)

Demizu 2021 Japan (Multicen-  retrospective  Survival, toxicity 2003-2014 219 67 (26-87) 151/68 56 (7-132)

[19] tre)*

SShiba 2021 [20] Japan (GHMCQ) prospective  Survival, toxicity 2011-2019 32 67 (27-84) 24/8 36.9 (4.4-96.4)

Aoki 2022 [21] Japan (NIRS) retrospective  Survival, toxicity 2005-2014 19 63 (26-81) 6/13 68 (29-144)

Evangelisti 2019 Italy (CNAO) prospective  Survival, toxicity 2013-2016 18 64.7 (38-83) 12/6 233 (6-47)

[22]

flannalfi 2020 Italy (CNAO) prospective  Survival, toxicity 2011-2018 65 58 (13-81) 42/23 49 (6-87)

[23]

Uhl 2014 [24] Germany (HIT) retrospective  Survival, toxicity 1998-2008 155 48(15-85) 76/79 72(12-165)

"Mattke 2023 Germany (HIT) retrospective  Survival, toxicity 2009-2014 111 51 63/48 522

[25]

*HIBMC, QST, SAGA-HIMAT, GHMC
* Only carbon ion data is included
$ Only chordoma data is included

NIRS National Institute of Radiological Sciences, HIBMC Hyogo lon Beam Medical Center, QST National Institutes for Quantum Science and Technology, SAGA-HIMAT
SAGA Heavy lon Medical Accelerator in Tosu, GHMC Gunma University Heavy lon Medical Center, CNAO Clinical Department, National Center for Oncological

Hadrontherapy, HIT Heidelberg lon-Beam Therapy Center

on chordomas in the spine (upper cervical), toxicity
above grade 3 was not observed [16]. The late toxicities
included dysphagia (n=1), myelitis (n=1), encephalomy-
elitis (n=5), and vertebral compression fractures (n=5)
[23].

Prognostic factors of C-ion RT effectiveness

The following factors were evaluated in nine studies: age,
sex, Karnofsky performance status, gross target volume,
planning target volume, tumour volume, level of proxi-
mal invasion, total irradiated dose, tumour status, eye
symptoms, prior treatment, tumour-gastrointestinal dis-
tance, chemotherapy, spinal cord infiltration, and histol-
ogy. Table 4 (Boldface indicates statistically significant
difference) shows the main details of the prognostic fac-
tors of C-ion RT effectiveness in all the included studies
[15,17-21, 23-25].

Discussion

Chordomas often occur adjacent to critical neuroaxes,
such as the brainstem, spinal cord, and optic pathways
[8, 9]. Therefore, complete resection of some chordo-
mas is often difficult. A previous study has reported that
the total resection rate of chordomas is approximately
20-70%, with an LC rate of 60-80% [26—-29]. However,
the LC rate in patients with subtotal resection is approxi-
mately 25-50% [26—-29]. According to the practical guide

from the Spine Oncology Society, RT plays an important
role, especially PBT and C-ion RT, for some chordomas
[30]. To the best of our knowledge, this is the first sys-
tematic review and meta-analysis of C-ion RT for chor-
domas, including the skull base, sacral, and mobile spine.

Achieving high doses of tumour irradiation is difficult
with traditional photon therapy because of chordomas
adjacent to the critical neuroaxis OAR. Performing pho-
ton irradiation therapy in patients postoperatively has
also been reported. After five years, LC reached only 39%
[31]. Satisfactory LC may be equally difficult to achieve
with stereotactic body radiotherapy (SBRT) or stereo-
tactic radiosurgery (SRS). Debus et al. have reported the
results of SBRT in the treatment of chordomas, with a
5-year LC rate of only 50% [32]. Similarly, in a study of
93 patients with intracranial chordomas treated with
SRS, the LC rate was 54.7% after 5 years [33]. However,
C-ion RT demonstrated an impressive LC rate compared
to photon therapy in our study, with pooled LC rates of
76% and 54% at 5 years and 10 years, respectively (Fig. 2).

C-ion RT and PBT have similar physical advantages
(Bragg peaks). Moreover, the C ion has a better RBE
than PBT. However, whether C-ion RT or PBT is more
favourable for chordoma treatment remains a long-term
challenge in the field of charged-particle therapy. A sys-
tematic review of RT for chordoma included 2 prospec-
tive and 21 retrospective studies of PBT published by



Page 6 of 12

(2023) 18:152

Dong et al. Radiation Oncology

papnjaul st elep ewopioyd AjuQ ¢

papn|aul si eep uoj uogued AjuQ |

SSaUIAIIIBYS |e2160]0Iq dANRRI Y ‘siseiselaw/aualindal/Alewd py/y/d ‘paiiodal ou YN

o€ 44 99 Bujuueds sAndy 0 uN 60y 9seq IS 0/9¢/58 ewopioyd  [57] €207 BMeN,

0€ 0T 09  Buiuueds sapdy 0 (%L68)6£1 (¥6T-0) 0L 9Seq IS 0/¥S/10L  ewopioy) v v10Z 1N

a4 91 ¥0,  Buuueds sAndy 0 (%8€6) 19 (F/8-¥0) €L oseq NS 0/61/9% ewopioyd  [£¢] 0COT Yleuue|,

v 91 v'0/  Buuueds sAndy 0 0 OrL1-91S)LE [e1oes 0/0/81 ewWopIoyD  [¢7] 6107 hsl|ebuens

8¢ 91 809 N 0 0 (€6L11-116) €6 aulds 0/T/L1  BWOpIoy) [17] zzoz oy

0% 9l (CL9+9) TL9 uN 0 ($951) S (€L07-9'1) £'50C esoes YN ewopioy) [02] 1Z0T BqIYSs

Wv-cocy  (@€-91)9l (C6/~CL9)TL9 Buiuueds anisseq 0 (%L€) 8 1e3ppun [eJoes 0/0/617  ewopioy) [61] Lzoz NzIweQ

g€ 9l 809 bBujuueds snissed 0 (%€s8) 6C (L971-§1) £8L  @seq IS 0/4//¢  ewWopIoy) [81] 00T 010y

901 9l (9€/-%9) /9 bujuueds anjssed 0 0 (L6V1-Th) SvE eJoes 0/0/881  eWOpIOY) [£1] 9107 1w

9p—¢€ 9l (9€/-87S) 0/ bBuluueds anissed 0 (@911l (89 L-/¥) 0LE [eoes 0/LL/¥8  ewopioyd [91] L LOT tew]

8€-0€ 9l 809-0'8y Bujuueds anissed 0 (%001) €€ (8re-)ze  OseqMyS YN ewopioyd [S1] 6007 20ZIN
(3gy) £o (3gy) £o W/d/d

uoldely/asoq (u) suondelq asop |ejol  AJaAlPp-weag Adessylowsayd £136ing  (30) swinjoA }abiey uelpaly  dMsiown]  snyelstown] A6ojoisIH Apms

S3IPNIS PSPN|DUL |8 JO SYNSaI UIBW SUSWIDa) USRI} pue SaIniesy [edluld € ajqel



Dong et al. Radiation Oncology

(2023) 18:152

Study ID

LC=1 years
Mattke, M. 2023
Subgroup, DL (I*=0.0%, p = .)

LC=2 years

Evangelisti, G. 2019

Aoki, S. 2022

Subgroup, DL (*=0.0%, p = 0.516)

LC=3 years

Uhl, M. 2014

lannalfi, A. 2020

Shiba, S. 2021

Mattke, M. 2023

Subgroup, DL (I* = 64.0%, p = 0.040)

LC=5 years
Mizoe, J. E. 2009
Imai, R. 2011
uUhl, M. 2014
Imai, R. 2016
lannalfi, A. 2020
Koto, M. 2020
Demizu, Y. 2021
Shiba, S. 2021
Aoki, S. 2022
Mattke, M. 2023
Subgroup, DL (I = 67.5%, p = 0.001)

LC=9 years
Koto, M. 2020
Subgroup, DL (> =0.0%, p = .)

LC=10 years

Mizoe, J. E. 2009

Uhl, M. 2014

Imai, R. 2016

Aoki, S. 2022

Subgroup, DL (I* = 0.0%, p = 0.590)

Heterogeneity between groups: p = 0.000

Overall, DL (I = 91.7%, p = 0.000)

ES
(95% CI)

0.96 (0.93, 1.00)
0.96 (0.93, 1.00)

0.89 (0.74, 1.03)
0.95 (0.85, 1.05)
0.93 (0.85, 1.01)

0.82 (0.76, 0.88)
0.77 (0.67, 0.87)
0.94 (0.85, 1.02)
0.80 (0.73, 0.88)
0.83 (0.77, 0.90)

0.85(0.73, 0.97)
0.88 (0.82, 0.95)
0.72 (0.65, 0.79)
0.77 (0.71, 0.83)
0.71 (0.60, 0.82)
0.76 (0.62, 0.91)
0.72 (0.66, 0.78)
0.84 (0.72,0.97)
0.74 (0.54, 0.93)
0.65 (0.56, 0.74)
0.76 (0.71, 0.81)

0.71 (0.55, 0.86)
0.71 (0.55, 0.86)

0.64 (0.47, 0.80)
0.54 (0.46, 0.62)
0.52 (0.45, 0.59)
0.47 (0.25, 0.70)
0.54 (0.49, 0.59)

0.76 (0.70, 0.82)

%

Weight

521
521

411
4.66
8.76

5.05
4.63
4.83
4.93
19.44

440
5.01
4.96
5.05
4.54
4.14
5.06
435
3.44
478
4574

4.01
4.01

3.87
4.89
4.95
3.13
16.84

100.00

|
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Fig. 2 The pooled incidences of LC after C-ion RT for chordoma
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0OS=1 years
Mattke, M. 2023
Subgroup, DL (I = 0.0%, p = .)

0OS=2 years
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Fig. 3 The pooled incidences of OS after C-ion RT for chordoma
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Table 4 Survival outcomes, toxicity incidence and prognostic factors on patients of all included studies

Page 9 of 12

Study Local recurrence  Metastasis Local control  Overall survival  Toxicity Prognostic factors been
evaluated
Mizoe 2009 [15] Unclear NR 5-y (85.1%) 5-y (87.7%) Acute: < G2 Age, Sex, KPS, Dose, GTV volume
10-y (63.8%) 10-y (67.0%) Late:<G2 (G2=3%)
Imai 2011 [16] 6 (6.3%) NR 5-y (88.0%) 5-y (86.0%) Acute:<G3 (G3=3.2%) NR
Late:<G4 (G3=2.1%,
G4=2.1%)
Imai 2016 [17] 41 (21.8%) 54 (28.7%) 5-y (77.2%) 5-y (81.1%) Acute: NR Sex, Tumor volume (<500 cc
10-y (52.0%) 10-y (66.8%) Late:<G4 (G4=1.1%) or>500 cc), Level of proximal
invasion (=S2 or<S2), Total
irradiated dose (<67.2GyE
or>67.2GyE)
Koto 2020 [18] 11 (32.4%) 3(8.8%) 5-y (76.9%) 5-y (93.5%) Acute: < G3 (G2=20.6%, Sex, Age(>52 or<52),
9-y (69.2%) 9-y (77.4%) G3=2.9%) Performance status(0/1/2),

Late:<G5 (G3=2.9%,
G4=5.9%, G5=2.9%)

Demizu 2021 [19] 61 (27.9%) 39(17.8%) 5y (72.0%) 5-y (84.0%) Acute: <G4 (G3=3.2%,
G4=0.5%)
Late:<G4 (G3=3.7%,
G4=2.3%)
SShiba 2021 [20] 8(15.1%) 11(20.8%)  3-y (92.5%) 3-y (91.3%) Acute:<G2
5-y (84.8%) 5-y (91.3%) Late:<G3
Aoki 2022 [21] 7 (36.8%) 5(26.3%) 2-y (94.7%) 2-y (100%) Acute:<G3 (G3=5.3%)
5-y (75.2%) 5-y (68.4%) Late:<G3 (G3=10.5%)

10-y (464%) 10y (52.1%)

Evangelisti 2019 [22] 2 (11.%) 0 2-y (89.0%) 2-y (100%) Acute:<G1 (G1=27.8%)
Late:<G3 (G2 or G3=16.7%)
flannalfi 2020 [23] 14 (21.5%) 9(13.8%) 3-y (77.0%) 3-y (90.0%) Acute:<G2
5-y (71.0%) 5-y (82.0%) Late: Unclear
Uhl 2014 [24] 55 (35.5%) 4 (2.6%) 3-y (82.0%) 3-y (95.0%) Acute:NR
5-y (72.0%) 5-y (85.0%) Late: Quantitative toxicity
10-y (54.0%) 10-y (75.0%) results
Mattke 2023 [25] NR NR 1-y (96.1%) 1-y (99.0%) Acute:<G1
3-y (80.4%) 3-y (91.2%) Late:<G3
5-y (64.5%) 5-y (83.3%)

Tumor status (Naive/Recur-
rence/Residua tumor)®, Eye
symptom(yes or no), GTV vol-
ume (>34.7 cc or < 34.7 cc)®?,
D1cc (>58.9GyE

or< 58.9GyE)b

Age (> 67 or<67)™, Sex, Per-
formance status, PTV volume
(=500 cc or <500 cc)®

Age, Sex, Chemotherapy,
Performance status (0-1 or
2-3), Prior treatment, Distance
of tumor-Gl (€3 mm or>3 mm),
Distance of tumor-Gl (€5 mm
or>5mm), GTV volume
(<300 ccor>300 cc)® GTV
Dyg (< 64GyE or > 64GyE), GTV
Dgs (< 66GyE or>66GyE), GTV
Vg, (<98 0r>98), GTVV,, (<98
or>98), GTVV 4, (< Tcm?
or>1cm?), GTVV ¢, (< 1cm®
or>1cm3)?

Age, Sex, KPS, Tumor status (ini-
tial or recurrent), GTV volume
(>40 cc or <40 cc)®, Spinal
cord infiltration, Minimum dose
of GTV

NR

Sex, Age, Histology, Anatomic
extension of the disease (upper/
middle/lower clivus), GTV vol-
ume (<23.1 ccor>23.1 cc)®?,
Optic pathways and brain-
stem compression?, Target
coverage (D95% of CTV-HR

and GTV)

PTV volume (<100 ml
or> 100 ml)?, Total dose (<51
GyE or>51 GyE)®

Age, Sex, Tumor status (primary
or recurrent)

Bold indicates statistically significant difference
NR no reported, KPS Karnofsky performance status, GTV gross target volume, PTV plan target volume, GI: gastrointestinal
* Only carbon ion data is included

$ Only chordoma data is included
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Table 4 (continued)
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2 Factor significantly correlated with local control (LC) (p <0.05)
b Factor significantly correlated with overall survival (OS) (p <0.05)

¢ Factor significantly correlated with progress-free survival (PFS) (p <0.05)

Redmond et al. [30]. The median LC and OS after 5 years
among the reported studies were 73.3% and 81.3%,
respectively [30]. In our meta-analysis, the pooled inci-
dence of LC and OS at 5 years were 76% and 85%, respec-
tively (Figs. 2 and 3). Unfortunately, survival outcomes
at follow-up times of>10 years could not be compared
in the two studies. Using only prospective data, Ian-
nalfi et al. have reported on PBT and C-ion RT for skull
base chordomas [23]. They observed a 5-year LC rate of
84% in the PBT group and 71% in the C-ion RT group,
although they stated that patients with poor prognosis
were specifically assigned to the C-ion RT group [23].
An imbalance in the baseline of patients was observed,
and comparing survival outcomes between the two tech-
niques was not appropriate. The Heidelberg Ion Therapy
Center has published a retrospective study of PBT and
C-ion RT for skull base chordomas [25]. The 1-, 3-, and
5-year LC rates of the PBT group were 97%, 80%, and
61%, respectively, whereas those in the C-ion group were
96%, 80%, and 65%, respectively [25]. The corresponding
1-, 3-, and 5-year OS rates were 100%, 92%, and 92% for
the PBT group and 99%, 91%, and 83% for the C-ion RT
group [25]. Outcomes of C-ion RT and PBT treatment of
skull base chordomas may be similar in terms of tumour
control, survival, and toxicity [25]. Therefore, the advan-
tages of different charged particle RT techniques for
chordomas need to be determined in more prospective
studies, especially randomised controlled clinical trials.

Of the 11 included articles, five were on skull base
chordomas, five were on sacral chordomas, and one
was regarding a mobile spine chordoma (Table 2). As
reported in Additional files 1-4, the pooled LC and OS
rates at 5 years and 10 years were very similar for the
skull base and sacral chordomas, which indicates that
C-ion RT may have similar tumour control and survival
in different sites of chordomas [15—25]. Chordomas have
various pathological subtypes (classic, chondroid, and
dedifferentiated subtypes), among which the prognosis of
the chondroid type and dedifferentiated subtypes is very
different. A model of individualised C-ion RT for chor-
domas requires further investigation. To the best of our
knowledge, no reports on particle therapy (C-ion or PBT)
for the different pathological subtypes of chordoma have
been published.

Regarding toxicity, the most frequent toxicity was
skin reaction [15-17, 19, 20, 22], and the incidences of
grade 3 acute and grade 4 late skin toxicity were 3.2%
and 1.1-2.1%, respectively [16, 17, 19]. Kamada et al.

have suggested that 73.6 Gy (RBE) may be the maxi-
mum tolerated dose for patients without subcutane-
ous tumours in order to reduce the incidence of skin
toxicity [34]. For patients with subcutaneous tumour
involvement, the maximum dose may not exceed
70.4 Gy (RBE) [34]. Koto et al. have reported on a one
case with a recurrent skull base chordoma that devel-
oped grade 5 late toxicity (fatal bleeding from the naso-
pharynx) at 9 years and 3 months after C-ion RT [18].
This patient had undergone transsphenoidal approach
surgery 3 years before C-ion RT, and received a sec-
ond surgery through the transpetrosal approach 1 year
prior to C-ion RT [18]. Late neuropathy (grade 3) and
optic nerve injury toxicity (grade 4) had an incidence of
0.9-3.2% and 5.9%, respectively [17-19]. According to
a review on RT for chordomas published by Redmond
et al.,, the median follow-up time for photon RT was
10-50 months [30]. However, the median follow-up
time in our included studies was longer, ranging from
23.3 to 108 months (Table 2). Therefore, directly com-
paring the toxicity between photon RT and C-ion RT is
difficult.

This meta-analysis has several limitations. First, only 11
of 61 relevant full-text articles met the inclusion criteria,
and grey literature was ignored, which may have a higher
risk of publication bias. Second, the metadata were from
different regions: Japan (64%), Italy (18%), and Germany
(18%); only four studies were prospective or phase I/II or
II trials. Therefore, the metadata were mainly obtained
from small retrospective studies, and there could be
patients lost to follow-up, selection biases, and reporting
biases. Finally, chordomas are generally slow-growing;
Scampa et al. have reported a median OS of approxi-
mately 10 years [35], although four studies had a follow-
up period of > 10 years in our study.

Further, C-ion RT has some limitations as a therapeutic
strategy for chordomas. Chordomas have various patho-
logical subtypes (classic, chondroid, and dedifferentiated
subtypes), among which the chondroid subtype has the
best prognosis, and the dedifferentiated subtype has the
worst prognosis [36—38]. Therefore, it is interesting to
hypothesise whether the dose is sufficient for pathologi-
cal types with poor prognosis. In addition, clinical obser-
vations have demonstrated the metastatic potential of
chordomas, with 5-40% of patients developing distant
metastases during the course of the disease [39]. Moreo-
ver, systemic therapies, including chemotherapy and tar-
geted therapy, may be occasionally necessary, although
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no recommended consensus or treatment guidelines
have been established.

Conclusion

C-ion RT has attractive clinical application prospects
and is an important local treatment strategy for chordo-
mas. Encouraging results were observed in terms of LC
and OS. Meanwhile, the acute and late toxicities were
acceptable.

Abbreviations

C-ion RT  Carbon ion radiotherapy

LC Local control

cl Confidence interval

0sS Overall survival
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OAR Organs at risk

PBT Proton beam therapy
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RBE Relative biological effectiveness
SBRT Stereotactic body radiotherapy
SRS Stereotactic radiosurgery
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