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Abstract

Background: Chordoma is a rare, locally invasive neoplasm of the axial skele-

ton. Complete resection is often difficult, especially for the upper-cervical

(C1-2) spine. We evaluated the efficacy and safety of carbon-ion radiotherapy

(CIRT) for unresectable C1-2 chordoma.

Methods: Patients with C1-2 chordoma treated with definitive CIRT (60.8 Gy

[RBE] in 16 fractions) were retrospectively analyzed. We evaluated OS, LC,

PFS, and toxicity.

Results: Nineteen eligible patients all completed the planned course of CIRT.

With the median follow-up 68 months (range: 29–144), median OS was

126 months (range: 36-NA). Five-year OS, LC, and PFS were 68.4% (95% CI,

42.8%–84.4%), 75.2% (46.1%–90.0%), and 64.1% (36.3%–82.3%), respectively.

Regarding acute toxicity of grade ≥3, there was only one grade 3 mucositis.

Late toxicity included radiation-induced myelitis (grade 3 in 1 patient; 5.3%),

and compression fractures (n = 5; 26.3%).

Conclusions: High-dose CIRT is a promising treatment option for unresect-

able upper cervical chordoma.
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1 | INTRODUCTION

Chordoma is a rare, low-grade but locally aggressive
tumor that arises in notochordal remnants in the midline
from the skull base to the sacrum, with an overall inci-
dence of <1 in 1 000 000 persons per year.1–3 The most
common tumor sites are the sacrum (50%–55%), followed
by the skull base (30%–35%) and mobile spine (10%–20%,

Abbreviations: AE, adverse events; CI, confidence interval; CIRT,
carbon-ion radiation therapy; CT, computed tomography; CTV, clinical
target volume; GTV, gross tumor volume; IMRT, intensity-modulated
radiation therapy; KPS, Karnofsky performance status; LC, local
control; MRI, magnetic resonance imaging; OAR, organ at risk; OS,
overall survival; PFS, progression-free survival; PTV, planning target
volume; RBE, relative biological effectiveness; RECIST, the Response
Evaluation Criteria in Solid Tumors; VCF, vertebral compression
fractures.
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of which the cervical spine accounts for approximately
5%).4–6

Surgery has been the standard treatment for the con-
trol of chordoma, and cases involving the mobile spine
are ideally managed via en bloc resection.2,5,7,8 However,
in the cervical spine, the extent of surgery is severely lim-
ited by the risk of neurological morbidities, and especially
upper cervical localization makes en bloc re-
section impossible in most cases.6,7,9–12

In patients who receive radiation therapy (RT), the
dose is also severely limited by the spinal cord, nerves,
and visceral tolerance. Due to these dose constraints and
the radioresistance of the tumor, RT had not been
expected to play a decisive role in the treatment of chor-
domas, but is commonly utilized for patients with a posi-
tive surgical margin after surgery, and was reported to
contribute to their increased survival.6,13–16 To improve
the dose distribution, several new radiation modalities,
such as intensity-modulated radiation therapy (IMRT)
and particle therapy including proton and carbon ion
radiation therapy (CIRT), have been introduced in recent
decades. Among them, CIRT is expected to provide
conformal dose distribution and a high biological
effect.13,14,17–21 This study evaluated the long-term out-
comes of patients with inoperable upper cervical chor-
doma who received high-dose CIRT.

2 | MATERIALS AND METHODS

2.1 | Patient eligibility

Patients with unresectable upper cervical chordoma that
was treated with definitive CIRT at our institution
between April 2005 and December 2014 were retrospec-
tively analyzed. All patients included in this study were
prescribed 60.8 Gy (relative biological effectiveness
[RBE]) in 16 fractions.

The main eligibility criteria for this study were as fol-
lows: (a) histologically confirmed chordoma from the
upper cervical spine (C1-2), (b) grossly measurable
tumor, (c) no distant metastasis, (d) age 15 years or older,
(e) an Eastern Cooperative Oncology Group performance
status score ≤2, (f) medically inoperable tumor or refusal
of surgery, and (f) no serious medical or psychological
conditions precluding the safe administration of treat-
ment. Patients who previously underwent irradiation for
the same lesion were excluded.

Patients provided their informed consent, which
authorized the use of their personal information for
research purposes. This retrospective study was reviewed
and approved by the Institutional Ethical Committee on
Human Clinical Research (17-023) and was carried out in

accordance with the Declaration of Helsinki. This trial
was registered with UMIN-CTR (http://www.umin.ac.jp/
ctr/index-j.htm, identification number UMIN 000029380).

2.2 | Carbon-ion radiation therapy

During both the planning computed tomography (CT) and
CIRT, patients were positioned in customized cradles and
immobilized by a thermoplastic shell. Three-dimensional
treatment planning was performed using the HIPLAN
(National Institute of Radiological Sciences, Chiba, Japan)
or Xio-N (ELEKTA, Stockholm, Sweden and Mitsubishi
Electric, Tokyo, Japan) software programs.

The gross tumor volume (GTV) was defined using CT
(slice thickness: 2.0 –2.5 mm) and magnetic resonance
imaging (MRI) images with contrast medium. The clini-
cal target volume (CTV) had margins of 5–8 mm added
around the GTV and included the entire vertebral body if
possible. The CTV margin was adjusted as needed when
the tumor was in close proximity to or invaded a critical
organ at risk (OAR), such as the spinal cord and mucosa
of the pharynx. The planning target volume (PTV) had
2-mm margins added around the CTV.

The target reference point dose was defined as the iso-
center. The treatment plans were made to cover the GTV
with >95% of the prescribed dose and the PTV with
>90% of the prescribed dose.

The dose limits for critical normal tissues were
defined as a maximum point dose of 30 Gy (RBE) for the
spinal cord and brain stem. If the tumor was close to the
spinal cord, it was acceptable if the minimum dose to
1 cc of the most irradiated volume (D1cc) of the spinal
cord and brain stem was <30 Gy (RBE). The dose limits
of the cord were given priority over PTV coverage. A typi-
cal dose distribution is shown in Figure 1.

The prescribed dose was 60.8 Gy (RBE) in 16 fractions
with four fractions per week. Carbon-ion doses were
expressed as photon-equivalent doses in Gy (RBE) and
were defined as the physical dose multiplied by the
carbon-ion RBE.

2.3 | Follow-up and statistical analyses

The initial imaging examination (MRI or CT) was per-
formed when the patient completed all CIRT sessions.
After that, follow-up examinations were conducted at
intervals of 3–6 months within the first 5 years, and 6–
12 months thereafter; including physical examinations,
blood examinations, CT, and MRI. If continuous exami-
nations at our hospital were difficult, the latest medical
reports and diagnostic images were sent to us.
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Local control (LC) was basically defined as no
increase in tumor size in PTV on consecutive CT/MRI
studies according to the Response Evaluation Criteria in
Solid Tumors (RECIST) criteria.22 LC, overall survival
(OS), and progression-free survival (PFS) were calcu-
lated from the initiation of CIRT using the Kaplan–
Meier method; the log rank test was used for group com-
parisons. Acute (within 90 days of CIRT initiation)
adverse events (AEs) were evaluated according to the
Radiation Therapy and Oncology Group scoring sys-
tem.22 Late (after 90 days) AEs were classified according
to the Common Terminology Criteria for Adverse
Events (CTCAE) version 4.03 (United States National
Cancer Institute, Bethesda, MD).23 Risk factors for verte-
bral compression fractures (VCFs) were assessed using
the chi-squared test. Univariate descriptive statistical
analyses, Kaplan–Meier survival estimates, and log-rank
tests were performed using EZR version 1.54 which is a
graphical interface for R (The R Foundation for Statisti-
cal Computing).24 A confidence interval of 95% was cho-
sen (95% confidence interval [CI]), and p-values

of <0.05 were considered to indicate statistical
significance.

3 | RESULTS

A total of 20 consecutive patients were identified and
19 were included in the study. One patient was excluded
from this analysis due to a lack of imaging examinations
from the start of the irradiation. All patients completed
the planned CIRT: 60.8 Gy (RBE) in 16 fractions. The
median duration of treatment was 28 days (range: 25–
31 days). In all cases, radical resection was judged to be
anatomically difficult and the patients were referred to
our hospital. Two patients underwent surgery as pretreat-
ment for radiation therapy (laminectomy, n = 1; poste-
rior fusion, n = 1). No patients received chemotherapy.
The patient and tumor characteristics are shown in
Table 1.

The median observation time from the initiation of
CIRT was 68 months (range: 29–176 months). The

FIGURE 1 Radiation dose distribution of CIRT for C1-2 chordoma. The thin orange line represents the GTV and the thin yellow line

represents the PTV. [Color figure can be viewed at wileyonlinelibrary.com]
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2-year, 5-year, and 10-year OS rates were 100%, 68.4%
(95% CI, 42.8%–84.4%), and 52.1% (95% CI, 25.2%–73.5%),
respectively (Figure 2A). Of the 9 patients who died dur-
ing the course, 6 died of chordoma and the remaining
three died of other diseases (one heart failure and two
unspecified) with no recurrence of chordoma. The 2-year,
5-year and 10-year LC rates were 94.7% (95% CI, 68.1%–
99.2%), 75.2% (95% CI, 46.1%–90.0%), and 46.4% (95% CI,
17.2%–71.5%), respectively. During the follow-up period,
local recurrences, or recurrences within the PTV, were
detected in 7 patients (37%), and 3 of them (43%) were
occurred ≥5 years after irradiation (Figure 2B). Two of
the local recurrences were confined to the marginal area
close to the spinal cord, suggesting an association with
dose reduction due to the restriction to the spinal cord.
Of these 7 local recurrences, 6 were treated with salvage
mass reduction and 1 with re-irradiation after fully
explaining the risks.

The 2-year, 5-year and 10-year progression free sur-
vival rates were 84.2% (95% CI, 58.7%–94.6%), 64.1% (95%
CI, 36.3%–82.3%), and 19.5% (95% CI, 3.4%–45.6%),
respectively (Figure 2C). In total, five patients developed
distant metastasis (lower cervical spine [n = 3],

paratracheal lymph nodes [n = 1], and lung [n = 1]).
Three of the five patients (60%) also had local recurrence
before or after distant metastasis. Salvage surgery was
performed in the three cases of recurrence in the lower

TABLE 1 Patient and tumor characteristics

Patient characteristics n = 19

Age (years) 63 (26–81)

Male/female 13/6

KPS 80 (70–90)

Primary/recurrent 17/2

Symptoms at diagnosis Yes/no 19/0

Main occupation of tumor C1 3

C2 16

Tumor diameter (mm) 49 (20–70)

Spinal canal invasion Yes/no 10/9

Nerve root compression Yes/no 6/13

Distance from the cord 0 mm 3

1–3 mm 13

4–9 mm 3

GTV (cc) 39.3 (9.11–117.93)

PTV (cc) 123.6 (48.8–287.90)

GTV mean (Gy [RBE]) 59.97 (58.53–65.54)

GTV min (Gy [RBE]) 27.75 (0.46–47.61)

PTV mean (Gy ([RBE]) 59.67 (57.84–65.22)

PTV min (Gy [RBE]) 21.24 (4.7–39.77)

Abbreviations: C, cervical spine; GTV, gross tumor volume; KPS, Karnofsky
performance status; n, number; PTV, planning tumor volume; RBE, relative

biological effectiveness.

FIGURE 2 Kaplan–Meier curves for (A) overall survival,

(B) local control, and (C) progression-free survival in the whole

cohort
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cervical spine. The remaining two distant metastases
(lung and lymph node) were treated only with palliative
therapy and no definitive local therapy.

The factors predicting OS and LC are summarized in
Table 2. The univariate analysis of prognostic factors for
OS revealed that a GTV of >40 cc was significant prog-
nostic factor (p = 0.042). The 5-year OS of patients with
GTV of >40 cc was 50.0% and with GTV of <40 cc was
89.9%. In contrast, sex, age, Karnofsky performance sta-
tus (KPS), tumor status (initial or recurrent), spinal cord
infiltration, and minimum dose of GTV were not statisti-
cally significant factors. With regard to LC and PFS, the
univariate analysis indicated no statistically significant
differences among these factors.

As for grade ≥3 acute AEs, one patient developed
grade 3 mucositis (5%), but no grade ≥4 acute AEs.
Regarding late AEs (excluding compression fractures,
which are discussed below), there was no case of grade
4 or higher, but two cases (11%) of grade 3. One of
them was a case of dysphagia, which resolved with

only conservative palliative therapy. The other case
was radiation myelitis. In all, five patients (26.3%)
experienced radiation-induced encephalomyelitis;
3 (60%) of these cases were classified as grade 1, with
only imaging findings and no clinical symptoms. One
of the remaining two complained of neck pain (grade
2). The other developed numbness and difficulty mov-
ing their limbs (grade 3). In the grade 3 case, there
was no intrathecal invasion (tumor-spinal distance,
6 mm), and the maximum dose and D1cc of the spinal
cord were 41.8 Gy (RBE) and 20.5 Gy (RBE),
respectively.

Regarding VCF, 4 patients already had a VCF before
irradiation due to tumor infiltration. Post-irradiation
VCFs occurred in 5 additional patients (median,
20 months) during follow-up. Three of these patients
underwent posterior spinal fusion. As previously
reported,25,26 patients with VCF after CIRT tended to
have higher Spinal Instability Neoplastic Score (SINS)
values (p = 0.07). When the 4 cases with pretreatment

TABLE 2 Univariate analysis of local control and overall survival rates

LC OS

No. of patients 5y LC p-value 5y OS p-value

Sex 0.54 0.55

Male 13 74.6% 66.7%

Female 6 75.0% 69.2%

Age (years) 0.094 1.00

>70 5 100% 60.0%

≤70 14 68.1% 71.4%

KPS 0.98 0.33

90–100 9 85.7% 55.6%

≤80 10 67.5% 80.0%

Tumor status 0.39 0.35

Initial 17 71.5% 64.7%

Recurrent 2 100% 100%

GTV (cc) 0.40 0.042*

>40 9 58.3% 50.0%

≤40 10 88.9% 88.9%

Spinal cord compression 0.43 0.91

Yes 3 64.3% 70.0%

No 16 88.9% 66.7%

Minimum dose of GTV [Gy (RBE)] 0.43 0.95

>30 8 87.5% 75.0%

≤30 11 67.5% 63.6%

Abbreviations: 5y, 5 year; GTV, gross tumor volume; KPS, Karnofsky performance status; LC, local control; n, number; OS, overall survival; RBE, relative

biological effectiveness.
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VCF were considered together, the frequency of VCF was
as high as 50%, further emphasizing the relationship with
the SINS (p = 0.0055) (Table 3).

4 | DISCUSSION

To our knowledge, this is the first study to report the
long-term results of high-dose CIRT for upper cervical
spine chordoma. There are few published series focusing
on CIRT for cervical chordoma, especially in the upper
cervical region, probably due to its rarity. However, the
research on chordoma in the upper cervical spine, a rare
site with the most severe anatomical conditions, will be
helpful for revealing the characteristics and treatment of
this tumor.5,6,13,16,27–29

4.1 | Comparison with surgical
treatment

Several reports have focused on surgical management for
cervical spine chordoma; however, these were either
mixed studies or they did not mention the methods or
modalities of adjuvant radiation therapy.7,8,13,15,18,30,31

Wang et al. reported analyzed 14 consecutive patients
with primary chordoma of the cervical spine who under-
went surgery and postoperative RT.30 With a mean
follow-up time of 58.6 months, the 1- and 5-year OS rates
were 92.9% and 85.7%, respectively. They also reported
that an upper cervical tumor location was significantly
associated with a high rate of tumor recurrence
(p = 0.019). Guan et al. reported the preliminary results
of adjuvant proton and CIRT for 91 patients with skull
base or cervical spine chordoma and chondrosarcoma
(6 of whom had cervical tumors).18 With a median
follow-up time of 28 months, the 2-year LC, PFS and OS
rates were reported to be 86.2%, 76.8%, and 87.2%,
respectively.

The long-term prognosis was not significantly inferior
when the results of CIRT were compared to these surgi-
cal data. Given that all cases were inoperable, it can be
said that definitive CIRT for unresectable upper cervical
chordoma provided satisfying results.

4.2 | Comparison with radiation therapy
of the other modalities

While chordomas have traditionally been recognized as
radioresistant tumors, their therapeutic effect is known
to be dose-dependent.13,14,32 Previous reports showed that
conventional RT at a dose of up to 50–60 Gy was insuffi-
cient for long-term control of chordoma, even as a post-
operative adjuvant therapy.33 With advances in radiation
technology, effective RT doses have become relatively
safely delivered.14,17–21 Recent reports have shown that
advanced RT with total doses of >65 Gy improved

TABLE 3 Baseline SINS classification according to VCF status

SINS component SINS

VCF all;
n = 9
(VCF
AE; n = 5)

No
VCF;
n = 10

Location

Junctional (O-C2;
C7-T2, T11-L1;
L5-S1)

3 9 (5) 10

The others (mobile
spine, semirigid,
rigid)

0–2 0 0

Pain

Mechanical 3 6 (2) 2

Occasional and
nonmechanical

2 0 4

Pain free 1 3 (3) 4

Bone lesion

Lytic 2 7 (4) 6

Mixed 1 2 (1) 3

Blastic 0 0 1

Radiographic spinal
alignment

Subluxation or
translation

4 4 (2) 0

Kyphosis or scoliosis 2 4 (2) 3

Normal 0 1 (1) 7

Vertebral body collapse

>50% 3 6 (2) 2

<50% 2 3 (3) 7

No collapse with >50%
body involved

1 0 1

None of the above 0 0 0

Posterolateral
involvement

Bilateral 3 6 (2) 2

Unilateral 1 3 (3) 6

None of the above 0 0 2

SINS classification

Unstable (score of
13–16)

7 (3) 1

Potentially unstable
(7–12)

2 (2) 9

Stable (0–6) 0 0

Abbreviations: AE, adverse event; n, number; SINS, Spinal Instability
Neoplastic Score; VCF, vertebral compression fracture.

AOKI ET AL. 2167



survival in comparison to patients treated with low
doses.16 Beams using proton or carbon ion offer improved
conformal dose distribution in comparison to conven-
tional photon radiotherapy.34–37 Moreover, carbon ions
have a biological advantage due to their increased RBE
through double-stranded breaks in DNA in comparison
to protons and photons,38–40 which may provide better
tumor control.

4.3 | Comparison with chordomas of the
other sites

It has been reported that the prognosis of chordoma
differs depending on the tumor site, and the prognosis of
mobile spine tumors, especially cervical spine tumors is
poor.5,6,27,28,41 Among them, higher levels of cervical
chordoma have been demonstrated to be associated with
a worse prognosis,11,12,30 probably in association with the
difficulty of surgery with a sufficient margin.6,30 Wang
et al. argued in their paper that clear exposure in the
upper cervical region was more challenging than in the
lower cervical region, and complete resection of the
tumor tissue could be very difficult due to the compli-
cated nearby structures.30

The same is true for radiation therapy. While many
reports have described using doses of >70 Gy for the sacral
spine,42–45 cervical spine lesions require relatively low
doses.13,17–20,45 Moreover, dose constraints on important
OARs (e.g., the spinal cord and brainstem) could result in
insufficient radiation doses to parts of the tumors.46

Our institution has separated protocols for bone and
soft tissue tumors above and below C2: 60.8 Gy (RBE) in
16 fractions for C2 and above and 64–70.4 Gy (RBE) in
16 fractions for below C2. These doses were determined
through clinical trials conducted at our hospital.20,43,46

In 2016, the clinical results of CIRT using 64–73.6 Gy
(RBE) for sacral chordoma were reported from our hospi-
tal.43 According to the paper, with a median follow-up of
62 months, the 5-year LC, OS rates were 77.2% and
81.1%, respectively. As in previous reports of sacral chor-
doma, the tumor volume was larger than that of the
upper cervical spine, but the tumor control was more
favorable, probably due in part to the prescribed dose.

On the other hand, we reported the results of CIRT
using 60.8 Gy (RBE) for skull base chordoma in 2020.46

With a median follow-up period of 108 months, the 5-
and 9-year LC rates were 76.9% and 69.2%, respectively.
The 5- and 9-year OS rates were 93.5% and 77.4%, respec-
tively. Despite the same dose regimen, CIRT for the skull
base was associated with significantly better results in
comparison to the upper cervical spine in terms of both
LC and OS, probably due in part to the smaller size of the

GTV (18.7 cc; range: 1.5–126.7) and the relative simplicity
of the anatomy.

4.4 | Predictors

With regard to the prognostic analysis, a GTV of >40 cc
was the only significant predictor of OS (Table 2). This
prognostic factor is well-known and has been validated
by many previous reports on chordoma.8,27,46–49 Cur-
rently, we are working on the development of more con-
formal treatment using a technique called “scanning,”50

and we are trying to apply higher dose in cases with
tumor volumes ≥35 cc based on the analysis of our clini-
cal results of skull base chordoma.46

Distance to the spinal cord and minimum dose of
tumor have also been reported as prognostic
factors,15,17,51 although no difference was found in the
present study due to insufficient number of cases. As one
way to improve dose distribution, especially for tumors
bordering the spinal cord, Matsumoto et al.52 have
reported the hopeful outcome of pre-CIRT separation
surgery for primary spinal/para-spinal tumor; which pro-
vides a small spinal margin of 2–3 mm, thereby enabling
a full radiation dose to be delivered to the entire tumor
volume. We may need to positively consider pre-
irradiation surgical pretreatment for cases with spinal
canal infiltration.

The SINS values originally made for bone metastases
helped to predict VCFs in cervical chordomas. However,
in our subjects, VCFs occurred at similar frequency
before and after CIRT. In other words, in cervical chor-
doma, VCF is often caused by vertebral instability caused
by the tumor itself, not only as post-CIRT AEs. For
patients with high SINS values, we should recognize the
risk of VCF (and associated neurological symptoms) from
the time of the diagnosis, and consider posterior fixation
after irradiation as needed.

4.5 | Limitations

The present study was associated with several limitations.
Primarily, it was conducted at a single institution and
was retrospective in nature. Therefore, a degree of intrin-
sic bias may remain. Second, the small number of
patients may have limited the statistical power of the
results. Moreover, it is still difficult to compare data
between institutions because dose prescriptions have not
been widely established. In the future, nationwide multi-
institutional research will be required to explore the role
of CIRT and appropriate dose administration methods in
the treatment of upper cervical chordoma.
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5 | CONCLUSION

The present study suggested that definitive CIRT repre-
sented a promising alternative treatment for patients with
unresectable upper cervical spine chordoma. The accu-
mulation of further cases and the analysis of detailed data
are required.
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