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Particle therapy using carbon ions or protons as a definitive
therapy for patients with primary sacral chordoma
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Objective: This study retrospectively evaluated the effi-
cacy and toxicity of particle therapy using carbon ions or
protons for primary sacral chordomas.

Methods: We evaluated 23 patients with primary sacral
chordoma treated with carbon ion therapy (CIT) or
proton therapy (PT) between July 2005 and June 2011
at the Hyogo lon Beam Medical Center, Hyogo, Japan.
The median patient age was 72 years. 14 patients were
treated with 70.4 Gy equivalents (GyE) in 16 fractions
and 9 were treated with 70.4 GyE in 32 fractions. CIT
was used for 16 patients, and PT was used for 7
patients.

Results: The median follow-up period was 38 months. At
3 years, local control (LC), overall survival (OS) and
progression-free survival (PFS) for all patients were 94%,
83% and 68%, respectively. The log-rank test revealed

Chordomas are rare bone tumours that arise from remnants
of the notochord."™ They constitute 1-4% of all primary
malignant bone tumours, and sacral chordomas account for
>50% of all chordomas."*® Chordomas grow slowly' ™ and
show fewer metastases than other bone and soft-tissue
tumours, *” " and mortality is almost invariably because of
local disease progression.*® These tumours are difficult to
treat because they tend to progress extensively to anatomical
locations in proximity to the sacral nerve plexus, cauda
equina and bowel and because the sacrum is important for
the patient’s mobility. The long symptom duration prior to
diagnosis, the delay in diagnosis and the large tumour vol-
ume may contribute to the relatively poor prognosis of these
tumours.” The conventional treatment for chordomas
includes surgical resection with adequate margins or com-
plete radical resection, which achieves longer local control

that male sex was significantly related to better PFS
(p=0.029). No other factors, including dose fraction-
ation and ion type, were significant for LC, OS or PFS. In
nine patients, =Grade 3 acute dermatitis was observed,
and =Grade 3 late toxicities were observed in nine
patients. The 32-fraction protocol reduced severe tox-
icities in both the acute and late phases compared with
the 16-fraction protocol.

Conclusion: Particle therapy for patients with sacral
chordoma showed favourable LC and OS. Severe toxicities
were successfully reduced by modifying the dose fraction-
ation and treatment planning in the later treatment era.
Thus, this therapeutic modality should be considered useful
and safe.

Advances in knowledge: This is the first study including
both CIT and PT for sacral chordomas.

(LC), survival and disease-free status than subtotal
resection.*®®'""'° However, complete resection is rarely
possible because tumours grow to large sizes before symp-
toms appear.*”? Thus, regardless of the low-grade malig-
nancy, LC is poor®'®'™'7 and chordomas show low
sensitivity to chemotherapy™>*%'>'%"?! and conventional
photon radiotherapy. %

Particle therapy, such as carbon ion therapy (CIT) and
proton therapy (PT), can deliver high-dose radiation to
tumours while minimizing the dose delivered to organs at
risk because of its precise dose distribution compared
with conventional photon therapy.””~* Particle beams
possess a physical characteristic called the Bragg peak,
which emits a relatively low dose near the body surface
and releases the maximum energy just before it stops in




the depth. Recently, several investigators have reported on the
efficacy of CIT for sacral chordomas, describing high LC rates
and low toxicities.”'**° Some reports demonstrating the use-
fulness of PT for sacral chordomas have also been
published.'**>7°

The Hyogo Ion Beam Medical Center (HIBMC) is the world’s
first institution capable of applying both CIT and PT, and we
have treated sacral chordoma patients with both types of ion
beam therapy for years. In this study, we retrospectively evalu-
ated the efficacy and toxicity of particle therapy using carbon
ions or protons for primary sacral chordomas at HIBMC.

METHODS AND MATERIALS

Patients

The patient eligibility criteria were as follows: (1) histologically
confirmed primary sacral chordoma without metastases; (2) no
previous radiotherapy; (3) Eastern Cooperative Oncology Group
performance status =<3; (4) adequate organ function (such as
heart, lung, liver and kidney functions good enough for radio-
therapy); (5) no active concomitant malignancy; and (6) written
informed consent. A total of 23 eligible patients with sacral
chordomas were enrolled in this study between July 2005 and
June 2011. The patient characteristics are summarised in

Table 1. Patient characteristics

Characteristic n=23

Age (years), median (range) 72 (35-84)
Sex

Male 15 (65%)

Female 8 (35%)
ECOG PS

0 2 (9%)

1 17 (74%)

2 3 (13%)

3 1 (4%)

Tumour volume (ml), median (range)

264 (94-1037)

Spacer placement

(+) 17 (74%)
(=) 6 (26%)
Dose fractionation
70.4 GyE/16 Fr 14 (61%)
Carbon ion/proton 12/2
70.4 GyE/32 Fr 9 (39%)
Carbon ion/proton 4/5
Ton type
Carbon ion 16 (70%)
Proton 7 (30%)

ECOG, Eastern Cooperative Oncology Group; GyE, Gy equivalents; PS,

performance status.

Table 1. 17 patients (71%) with tumours adjacent to the intes-
tines (usually <1cm) underwent surgical spacer placement
prior to particle therapy to generate a sufficient distance between
the tumour and intestines. The details of surgical spacer place-
ment have been previously published.***

Treatment

Ton beam treatment plans were developed using a CT-based three-
dimensional treatment planning system —FOCUS-M [Comput-
erized Medical Systems Inc, (CMS), St Louis, MO, and Mitsubishi
Electric Corporation, Tokyo, Japan] until April 2008 and Xio-M
(CMS and Mitsubishi Electric Corporation) from May 2008. Each
patient was immobilized with a custom-made thermoplastic cast in
the prone position, and CT (with 2-mm slice thickness) and MRI
(5-mm slice thickness) were performed. The gross tumour volume
(GTV) was defined as the primary tumour volume determined by
CT-MRI fusion images. The clinical target volume (CTV) com-
prised the addition of a 5-mm basic margin to the GTV. The
planning target volume was defined as the CTV plus a set-up
margin (5mm) and an internal margin (1 mm) under the re-
spiratory gating system for all patients. We took the CT images at
inhalation and exhalation phases for every patient, and we found
the amount of respiratory motion was <1 mm in all directions. We,
however, added a respiratory gating margin (internal margin) of
1 mm to all patients for the safety.

During the early treatment era, we used a protocol of 70.4 Gy
equivalents (GyE)* in 16 fractions (4.4 GyE per fraction) imported
from an experienced institution, the National Institute of Ra-
diological Sciences (Chiba, Iapan).7 In the later treatment era, we
employed a protocol of 70.4GyE in 32 fractions (2.2 GyE per
fraction), which is less toxic to normal tissues, although 70.4 GyE
in 16 fractions was also used for cases meeting the dose con-
straints for organs at risk (OARs), as described below. The
dose constraints for the small bowel, large bowel, rectum and
spinal cord (cauda equina was not included) consisted of Dy
(maximum dose) =43 GyE, Dy, <47 GyE, (volume receiving
=35GyE) < semiperimeter and D, =< 42 GyE, respectively, for
the 16-fraction protocol and of Dyex =52 GyE, Dy =57 GyE
[Vss (volume receiving = 65GyE) = 17% and Vj=<35%] and
Dinax = 48 GYE, respectively, for the 32-fraction protocol. For the
skin dose, few data were available for the early treatment era,
although D, =56 GYE was set for the 16-fraction protocol
during the later treatment era, with no specific constraint for the
32-fraction protocol. The policy for selecting the beam type was
based on the dose distribution. A better beam type for each patient
was selected after discussion by several radiation oncologists. A
representative case is shown in Figure 1.

The patients were treated with carbon ion or proton beams. A
respiratory gating system was used to irradiate the beam during
the exhalation phase. The patient set-up was performed daily by

*The biological effects of both CIT and PT at HIBMC were evaluated in vitro
and in vivo. The relative biological effectiveness (RBE) value for carbon ion
ranged between 2 and 3.7 (depending on the depth of the spread-out Bragg
peaks), and the RBE for proton irradiation was 1.1. Because all tissues are
assumed to have almost the same RBE for carbon ions or protons, doses
expressed in GyE are directly comparable to photon doses.
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Figure 1. Comparison of the carbon ion (a) and proton (b)
treatment plans for a patient with sacral chordoma who
underwent surgical spacer placement prior to particle therapy.
The solid and dashed curves represent the carbon ion plan and
proton plan, respectively, in the dose-volume histogram (DVH)
(c). Proton treatment was selected in this patient in terms of
the skin dose.

gt hmw

subtracting the two sets of orthogonal digital radiographs before
irradiation. The translation and rotation of the patient detected
by the positioning system were compensated for by adjusting the
treatment couch. The set-up was continued until the bony
landmarks on the digitally reconstructed radiographs corre-
sponded to within 1 mm.

Statistical analysis

After particle therapy, the patients were observed at 3-month
intervals during the first to third year and at 6-month intervals
during the fourth year and thereafter. Regular follow-up studies
included a physical examination, diagnostic imaging (CT and/or
MRI) and blood tests. Local recurrence was defined as the radio-
graphical enlargement of the primary tumour. Toxicities were
evaluated using the Common Terminology Criteria for Adverse
Eventsv. 3.0.* Biologically effective dose at /8 = 10 GyE (BED, )
and 3 GyE (BED;) of the maximum skin dose (MSD) for each
patient were calculated using a linear quadratic model*® to com-
pare skin toxicities of the 16- and 32-fraction protocols in the acute
and late phases, respectively. The BED,, is given by the following
formula: BED,, (GyE,) = [total dose (GyE)] X {[1 + daily dose
(GyE)]/n (GyE)}.

The follow-up time was calculated from the initial date of ra-
diotherapy. Continuous variables are presented as medians and
ranges, and categorical variables are presented as frequencies and
proportions. Comparisons of the follow-up period and the BED
of the MSD between the 16- and 32-fraction protocols were
made using the Mann~Whitney U-test. The LC, overall survival
(OS) and progression-free survival (PFS) curves were estimated
using the Kaplan—Meier method and were compared using the
log-rank test. All p-values are two-sided, and a p <<0.05 was
considered statistically significant. Statistical analyses were perfor-
med using PASW® Statistics 18 (IBM Corporation, Armonk, NY).

RESULTS

Local control and survival

The median follow-up period was 38 months (range, 7-78
months) for all patients. There was a significant difference in the
duration of follow-up period between the 16-fraction protocol
(median, 42 months; range, 17-78 months) and the 32-fraction
protocol (median, 31 months; range, 7-49 months) (p = 0.044).
LC, OS and PFS for all patients were 94% [95% confidence
interval (CI): 83-100%], 83% (95% CI: 66-100%) and 68%
(95% CI: 47-90%) at 3 years, respectively (Figure 2).

Of the 23 patients studied, 4 (17%) presented local re-
currence. One patient experienced recurrence within the GTV
(18 months after particle therapy) and three others developed
marginal recurrence (44, 47 and 54 months). Six patients
(26%) experienced distant metastases. Tumour dissemination
occurred in three patients (13%), and metastases to the lung,
bone and pelvic lymph node occurred in one patient (4%).

The log-rank test revealed that male sex was associated with
significantly better PFS (p=0.029), and smaller tumour
volume (<400 ml) had a tendency to be related to better OS
(p = 0.052) (Table 2). No other factors, including dose frac-
tionation and ion type, were significantly associated with LC,
OS or PFS.

Toxicity

With respect to Grade 3 or greater acute reactions, Grades 3 and 4
dermatitis were observed in 8 (35%) patients and 1 (4%) patient,
respectively. However, all patients completed their planned ra-
diotherapy and recovered from their reactions, With respect to
late toxicities, Grade 3 or greater events were observed in nine
patients (39%). The most frequent event was dermatitis [Grade 4
in five patients (22%)], followed by neuropathies, including
motor disorder, sensory disorder/pain and urinary retention
[Grade 3 in four patients (17%)]. Two patients’ symptoms were
complicated by Grade 4 dermatitis and Grade 3 myositis. The
acute and late toxicities of treatments are summarised in Table 3,
particularly with respect to the comparison between the 2 treat-
ment protocols; most of the events (8/9 for acute; 9/11 for late)
occurred in patients treated with 70.4 GyE in 16 fractions. The
analysis of the skin dose showed that the medians of the MSDs
in patients treated with the 16-fraction protocol were 98.9 GyE,,
(range, 60.8-106.5GyE,;) and 169.4GyE; (range, 104.2-
182.4 GyE;), whereas the medians of the MSDs in patients treated
with the 32-fraction protocol were 77.3 GyE,o (range, 60.1-
85.9 GyE, () and 109.8 GyE; (range, 85.4-122 GyE;). Statistically
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Figure 2. Local control (LC), overall survival (OS) and progression-free survival were determined using the Kaplan-Meier method for
all patients (a). Comparisons were made between the 16-fraction cases and the 32-fraction cases in terms of LC (b) and OS (¢), and
comparisons were made between the carbon ion cases and the proton cases in terms of LC (d) and OS (e).
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significant differences were found between the 16- and 32-
fraction protocols in both BED,, (p=10.003) and BED;
(p <0.001). Acute Grade 3 and Grade 4 dermatitis occurred in
patients with MSDs of 71-106.5 (median, 98.9) GyE,, (eight
patients) and 101.4 GyE;, (one patient), respectively. Late Grade 4
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dermatitis occurred in patients with MSDs of 165-182.4 (median,
173.7) GyE; (five patients). For Grade 4 dermatitis patients, wound
care for skin ulcers (e.g. debridement, skin flap plastic surgery,
wound bed preparation, moist wound healing and hyperbaric ox-
ygen therapy) was required.
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Table 2. Log-rank test

) p-value
Variable Group (n)
1LC oS PFS
<70 (10)
Age (years) 0.898 0.781 0.668
=70 (13)
Male (15)
Sex 0.544 0.486 0.029
Female (8)
0-1 (19)
ECOG PS 0.162 0.133 0.482
2-3 (4)
<400ml (15)
Tumour volume 0.272 0.052 0.541
=400ml (8)
(+) (7)
Spacer placement 0.384 0.781 0.245
(=) (6)
70.4 GyE/16 Fr (14)
Dose fractionation 0.699 0.215 0.607
70.4 GyE/32Fr (9)
Carbon ion (16)
Ton type 0.519 0.367 0.614
Proton (7)

ECOG, Eastern Cooperative Oncology Group; F, fractions; GyE, Gy equivalents; LC, local control; OS, overall survival; PFS, progression-free survival;

PS, performance status.

DISCUSSION

In this retrospective study, particle therapy using carbon ions or
protons for sacral chordomas showed favourable LC and OS,
although the follow-up periods were relatively short. Although
definitive surgery is still widely accepted as the standard
care,>'>'>'® several reports on high-technology radiotherapy
such as particle therapy, including CIT”'****! and PT,'****
and intensity-modulated radiotherapy (IMRT)'® have been
published recently. Table 4 outlines a comparison of treatment
modalities based on the available literature, Because all of these
studies were retrospective and patient characteristics (such as
tumour size and post-operative status) vary, a precise

comparison of these studies would be difficult. However, treat-
ment protocols involving CIT or PT seemed to attain better
outcomes than other protocols. Nishida et al'® reported a com-
parison between surgery and CIT with respect to efficacy and
toxicity at their institutions, and the results demonstrated that
CIT provided a high LC rate and preservation of urinary-
anorectal function compared with surgery. Zabel-du Bois et al'®
proposed that particle therapy may improve the long-term LC
and OS rates compared with photon radiotherapy, based on
their IMRT experience. Moreover, particle therapy could be
beneficial in secondary cancer risk compared with IMRT. Yoon
et al*” reported that secondary cancer risk in PT was significantly

Table 3. Adverse events (=Grade 3; Common Terminology Criteria for Adverse Events. v, 3.0)

Toxicities of treatments Total (n=23) 70.4 GyE/16 Fr (n = 14) 70.4 GyE/32Fr (n=19)

Acute dermatitis

Grade 3 8 (35%) 7 (50%) 1 (11%)

Grade 4 1 (4%) 1 (7%) -
Late dermatitis

Grade 4 5 (22%)" 5 (36%)" —
Late myositis

Grade 3 2 (9%)* 2 (14%)¢ -
Late neuropathy”

Grade 3 4 (17%) 2 (14%) 2 (22%)

GyE, Gy equivalents.
*Two patients had Grade 4 dermatitis and Grade 3 myositis.

ENeuropathy includes motor disorder, sensory disorder/pain, and urinary retention.
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Table 4. Comparison with other studies

Study Year No. patients Treatment Median f/u ILC (O]
Fuchs et al® 2005 52 Surgery (£post-operative photon) 94 months 59% (5 years)" 74% (5 years)
Park et al 2006 27 Proton/photon (*prior surgery) 78/59 months® 72% (5 years) 83% (5 years)
Ruggieri et al'® 2010 56 Surgery 114 months 65% (5 years) 97% (5 years)
Zabel-du Bois'” 2010 34 IMRT (Zprior surgery) 54 months 27% (5 years) 70% (5 years)
Imai et al* 2011 95 Carbon ion 42 months 88% (5 years) 86% (5 years)
Staab et al'® 2011 40° Proton (+prior surgery) 43 months 62% (5 years) 80% (5 years)
Present study 2013 23 Carbon ion or proton 38 months 94% (3 years) 83% (3 years)

f/u, follow-up; IMRT, intensity-modulated radiotherapy; LC, local control; OS, overall survival.

?Recurrence-free rate.

PMedian f/u periods of primary and recurrent chordoma patients were 78 and 59 months, respectively.

“Extracranial chordomas, including 11 sacral chordomas.

lower than in IMRT because the average secondary doses were
generally lower for PT than for IMRT.

Initially, we employed 70.4 GyE in 16 fractions (4.4 GyE per
fraction), and little attention was paid to the skin dose; as
a consequence, we observed severe acute and late skin mor-
bidities in some patients. Because sacral chordomas usually grow
just beneath the skin, it is difficult to reduce the skin dose while
maintaining the coverage for the target volume. Therefore, we
subsequently employed 70.4 GyE in 32 fractions (2.2 GyE per
fraction), which is close to conventional fractionation, to mainly
reduce the occurrence of late toxicity. As shown in Table 3, we
successfully reduced severe toxicities in both the acute and late
phases, with the exception of late neuropathy, although there
was a significant difference in the duration of the follow-up
period between the 16- and 32-fraction protocols. With respect
to the skin dose, the 32-fraction protocol significantly reduced
the MSD in both BED,, and BED; compared with the 16-
fraction protocol. The dose constraints for the peripheral nerve
remain poorly defined. DeLaney et al** reported that three sacral
chordoma patients treated with proton/photon therapy con-
sisting of 77.4GyE (1.8 GyE per fraction) developed neural
injuries (sacral neuropathy in two patients and erectile dys-
function in one patient), while no neural injuries occurred at
doses =<70.2 GyE. Imai et al*’ reported that a length of >10cm
and a total dose of >70 GyE (4.4—4.6 GyE per fraction) may
represent thresholds for sciatic nerve injury. The same group
(Nishida et al'®) reported that CIT (range, 54.0~73.6 GyE; median,
704 GyE) did not result in late neurological toxicity. Forming
a conclusion from these results is difficult because of differences in
fraction size, but the fact that even 70.4 GyE in 32 fractions caused
neuropathy in the present study represents a new finding and
provides useful information for other particle facilities. With re-
spect to antitumour effects, 70.4 GyE in 32 fractions (86 GyE,o)
may be suboptimal as Park et al*’ recommended 77.4 GyE in 43
fractions (91 GyE,q) for unresected chordomas (70.4 GyE in 16
fractions is 101 GyE;q). However, there was no significant differ-
ence between the 16- and 32-fraction protocols in terms of LC,
OS or PES in the present study (Figure 2 and Table 2), although
there was a significant difference in the duration of the follow-up
period between the 16- and 32-fraction protocols, as mentioned

previously. Therefore, we used 70.4 GyE in 32 fractions as a stan-
dard. However, greater patient accumulation and longer follow-
up periods are warranted in future studies.

Univariate analysis using the log-rank test revealed that male
chordoma patients had significantly better PFS (p = 0.029;
Table 2). Thieblemont et al*! also reported that PES, but not OS,
was significantly longer in male than in female chordoma
patients. In another study by Staab et al,'® male patients showed
significantly better OS than female patients in a series of extra-
cranial chordoma cases. As discussed in a review article by
Halperin,*® several hypotheses have been proposed to explain
the possible influence of sex on the treatment outcome for
chordomas. For example, sex hormone receptors may represent
an influential factor in adults with chordomas, and genetic factors
may also play a role in the clinical outcome. Smaller tumour
volumes (<400 ml) showed a tendency for better OS, although
this difference did not reach statistical significance (p = 0.052;
Table 2), and other reports have also found a relationship between
tumour size and clinical outcome.>'*** In this study, ion type did
not significantly affect LC, OS or PFS (Figure 2 and Table 2). In
particular, the finding that the LC of PT was comparable to that of
CIT might be surprising for some people because the carbon ion
beam has a higher relative biological effectiveness and should be
more effective for those chordomas considered to be radioresistant.
Clearly, it is difficult to make accurate conclusions from these
limited data, but the comparison of CIT and PT is of great interest
in the partide therapy field. Therefore, we plan to recruit and
observe patients for this type of future study.

The use of spacer placement was demonstrated in this study.
Although most patients (17 patients, 74%) required surgical
spacer placement before particle therapy because of the location
of the tumour in relation to the intestines, gastrointestinal tox-
icities were not observed. Moreover, appreciable complications
after spacer placement did not occur, and we plan to analyse the
usefulness of spacer placement in another article.

This study had certain limitations. First, this study is retrospective,
and the statistical power is low. However, other published studies
have also been retrospective, and performing a prospective study is
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difficult because of the rarity of this disease. Second, the number of
patients was small (23 patients), which was also because of the rarity
of the disease, and only a few reports®'®*® have included >50
patients. Third, the follow-up period was relatively short (median,
38 months). Chordomas are slow-growing tumours, and
local recurrence can be observed even 5 years after particle
therapy.'**** Regarding the second and third issues, we aim
to continue recruiting and observing patients and to report these
follow-up data. Fourth, no conclusions about the clinical merit of
PT or CIT can be drawn from this study. Dosimetric comparisons
with IMRT would be required; however, it is impossible for us
because IMRT is not available at our facilities.

CONCLUSIONS

Particle therapy using carbon ions or protons for patients with
sacral chordoma showed favourable LC and OS. Although
severe dermatitis was observed in the earlier treatment era, we
successfully reduced these severe toxicities by modifying the
dose fractionation and treatment planning in the later treat-
ment era. Thus, this therapeutic modality should be consid-
ered useful and safe. Moreover, univariate analysis using the
log-rank test revealed that male sex was significantly associated
with better PFS in this retrospective study. However, the re-
cruitment of greater numbers of patients with a longer follow-
up period is warranted.
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