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DRIGINAL ARTICLE

Feasibility

of Proton Beam Therapy for

Chordoma and Chondrosarcoma of the

Skull Base

Hiroshi Fuji, M.D.,

Ph.D..," Yoko Nakasu, M.D., Ph.D.,” Yuji Ishida, M.D., Ph.D.>?

Satoshi Horiguchi, M.D., Ph.D.,° Koichi Mitsuya, M.D., Ph.D.,?

Hiroya Kashiwagi,

ABSTRACT

M.D., Ph.D.,* and Shigeyuki Murayama, M.D., Ph.D."

We explored the general feasibility of proton beam therapy for chordoma and
chondrosarcoma of the skull base. Clinical records and treatment-planning data of patients
with the pathological diagnosis of cherdoma or chondrosarcoma were examined. Proton
beam therapy was administered for gross tumor mass as well as microscopic residual disease
after surgery. The prescribed dose was determined to maximize the coverage of the target
and to not exceed predefined constraints for the organs at risk. Eight cases of chordoma and
eight cases of chondrosarcoma were enrolled. The median tumor volume was 40 cm®
(range, 7 to 546 em). The prescribed dose ranged from 50 to 70 Gy (relative biological
effectiveness {RBE]), with 2 median of 63 Gy RBE. The median follow-up duration was
42 months {range 9 to 80 months). The overall survival rate was 100%, and the local control
rate at 3 years of chordoma and chondrosarcoma were 100% and 86%. None of the patients
developed radiation-induced optic neuropathy, brain stem injury, or other severe toxicity.
Proton bezm therapy is generally feasible for both chordoma and chondrosarcoma of the
skull base, with excellent local control and survival rates.

KEYWORDS: Proton bearn, radiotherapy, skull base, chordoma, chondrosarcoma

Chordoma and chondrosarcoma of the skull
" base are rare tumors. The combined incidence of these
tumors of the skull base in the United States 15 reported
to be 0.03 per 100,000 population. Chordoma is 2 tumor
arising from the remnants of the notochord. About half
of these tumors occur at the sacrococcygeal synchond-
rogis, and ~30 to 40% occur at the spheno-occipital
synchondrosis." Chondrosarcomas originate from prim-
itive mesenchymal cells or from the embryonic rests of
the cartilaginous matrix. This neoplasm may arise in any

bone, and the most common sites of origin are the pelvis
and extremities. About 5% of all chondrosarcomas occur
at the skull base? Although chordomas and chondro-
sarcomas have distinct histological features, the clinical
presentation and treatment strategies for these tumors
occurring at the skull base are similar, and the treatments
remain challenging, in contrast to those for these tumors
arising at other sites.””

Similar to the case for such tumors arising at other
sites, surgical removal is the primary curative option.’
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However, the complex beay structures of the skull base
and the surrounding critical orgzns may not allow com-
plete resection of these tumors.® Therefore, adjuvant
treatments need to be considered both for the remaining
gross turnor mass and for microscopic tumor cells around
the primary tumor as adjuvant treatment; about half of the
patients receive postoperative radiotherapy according to
reports from several institutes.

Proton beam therapy has been reported to be
useful for adjuvant treatment of tumors of the skull
base, reportedly yielding excellent outcomes.® The
main advantageous effect of a proton beam are the
protons’ physical feature of the Bragg peak, which
provides excellent conformity of the irradiation field.
The physical rationale of the treatrnent was tested at
select institutes between the 1970s and 1990s.72% At the
same time, more reliable dose constraints for normal
tissues at the skull base for protons rather than the doses
known to be acceptable for photon treatment were ex-
plored.'®* These dose constraints for organs at risk
surrounding a tumor were then wsed at individual
institutes. Apparently, the developed dose constraints
enabled escalation of the target dose in proton beam
therapy, whereas the target dose in photon treatment is
usuzlly compromised with historically accepted dose
constraints for the surrounding crgans.

After these revisions of the prescription method
of proton beam therapy, few data have beer published en
the outcomes of this treatment for skull base tumors.
Furthermore, the reproducibility of the results among
institutes has also not been assessed. Therefore, it was
considered that reproducitle or better outcomes of treat-
ment planning with objectively established parameters
should be tested before general application of the treat-
ment. Furthermore, preferential selection of proton
beam therapy over other newly developed technigues
of radiotherapy needs to be assessed more clearly with
appropriate selection of subjects suitable for the treat-
ment, because comparable clinical cutcomes of other
advanced radiotherapeutic techniques are emerging for
certain types of skull base tumors. "%

METHOLS
The data of consecutive patients whoe underwent

proton beam therapy for chordoma or chondrosar-
coma of the skull base from July 2003 through

November 2008 were retrospectively reviewed, All

patients had a histopathologically confirmed diagnosis
of chordoma or chondrosarcoma based on previous

© surgery or biopsy. The eligibility for surgical resection

of the patients referred to our institute was estimated
by experienced rieurosurgeons or head and neck sur-
geons. In patients eligible for surgery, the tumor was
removed to the maximum extent possible before pro-
ton beam therapy.

The gross tumor volume (GTV) was defined as
the gross extent of the tumor observed on cormputed
tomography (CT) or magnetic resonance imaging
(MRI). The clinical target volume (CTV)} was defined
as the GTV plus 2 margin of 5 to 8 mm. The planning
target volume (PTV) was determined to be the same as
the CTV. Critical organs around the -tarpet were also
delineated on the planning CT images. Taking into
account the relative biological effect of a proton bear,
the dose was reported in Gy (relative biological effective-
ness [RBE]}, which was equivalent to the physical dose in
Gy multiplied by 1.1. We adopted unique constraints for
critical organs in the proton beam therapy, according to a
previous report from the proton beam therapy institute.
The dose to the optic nerves and chiasma were con-
strained to 60 Gy RBE. The mavimum doses covering
0.9 cm3 of the brain stern {Dp.o) and the center of the
brain stem were limited to less than 67 Gy RBE and 60
Gy RBE, respectively.’® The prescribed dose was defined
as the dose that covered 90% of the GTV. An attempt
was made to deliver more than 56 Gy RBE to the PTV.
According to the dose constraints and predefined homo-
geneity value for PI'V, the maximum dose to the PI'V
was within 105% of the prescribed dose and was 70 Gy
RBE. Every patient wes treated by the conventional
fractionated schedule, at 1.8 Gy RBE/fraction. The
tréatment was not combined with photon beam therapy

in any of the patients. During the treatment session, the

head and neck were immobilized by thermoplastic shells.
Orthogonal fluoroscopy was performed before every
treatment session to verify the localization.

Patients were seen at our institute or by the local
physician after the treatment and were monitored for
survival, disease progression, and development of adverse
events. The patterns of failure and response of the
irradiated tumeors were examined by MRi, CT, and
positron emission tomography performed every 3 to
6 months. The images were compared with the baseline
images obtained before the treatment planning. Local
progression was defined as increase of the tumor volume
as cornpazed with the pretreatment volume or the
appearance of new lesions in the CTV. Toxicities were
scored according to the Commen Toxicity Criteria,
version 3.0, of the National Cancer Institute.

The end points anzlyzed were the overall survival
rate and the local control rate. All events were measured
from the first day of the proton beam therapy to the last
day of follow-up. The overall survival rates and the actual
local progression-free rates were calculated using the
Kaplan-Meter approach. All the statistical analyses were
performed using the PASW 17 (IB8M, Chicago, IL).

RESULTS
The characteristics of the patients and the tumors are
shown in Table 1. Nine patients presented with diplopia
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Tabie 1 Characteristics of the Patienis and Tumors

Characteristics Value

Age, median (range) 38 (278}
Gender {r1): male/fernale 10/6
Histologica! type: chordoma/chondrasarcoma/mesenchymal chondrosarcorma 8/5/3
Previous trestment (n): surgery/chemotherapy/none 13/212
Pretreatment syrmptom (A): diplopia/pain/diminished visual acuity/facial nerve palsy 97371272
Gross tumor volume {cm3), median (range) 40 {7-b46)
Clinical target volume {erm), median (range} 113 (39-687}

Table 2 Characteristics of Tumer Extension

Number of

Tumor Location Patients (%)

Clival invasion 11 {61%)
Parasellar extension 8 (44%)
Sphenald sinus invasion 10 {55%)
Suprasellar extension 7 {38%)
Patrous bone invasion 10 (55%)
Occipital bene invasion 7 {38%)
Frontal bone invasion 31{18%)
Cervical spine 5 (27 %}

before treatment and two with decreased visual acuity.
The tumor extents are illustrated in Table 2. The tumors
mainly involved the clivus, sphenoid sinuses, and petrous
bone. Except for the tumors arising from the cervical
spine, the tumors presented with extension to more than
seven sites.

The delivered radiation doses are shown in Figs. 1
and 2. The mean dose to the GTV and mean dose to the
CTVwere 63 Gy RBE {range, 50 to 70 Gy RBE) and 60
Gy RBE (range, 48 to 69 Gy RBE}. The D5 was lower
than the mean dose to the GTV {median, 57 Gy RBE,
range 41 to 70 Gy RBE) and to the CTV (median, 47
Gy RBE, range 28 to 62 Gy RBEL). There were two

patents with a lower prescribed dose (50 Gy RBE). The
doses 1n these patients were selected taking into account
the risk of radiation-induced optic neuropathy. One
patient had a mesenchyma! chondrosarcoma asising
from the frontal bone. The posterior margin abutted
on the optic nerves and optic chiasma. Considering his
age and the scant information on the potential response
of the turnor to radiotherapy, the dose to the tumor was
limited to the dose constraint for the optic nerve as
accepted for ordinary photon beam therapy. The other
patient with the lower dose to the target also had
mesenchymal chondrosarcoma. In an attempt to preserve
the visual acuity on both sides, 50 Gy RBE was also
selected as a constraint for the optic nerves by the
patient. The mean and Dy dose to the brain stem
were 27 Gy RBE (range, 0 to 48 Gy RBE) and 45 Gy
RBE (range, 0 to 63 Gy RBE). The median dose to the
optic nerve was 43 Gy RBE (range, 0 to 67 Gy RBE).
The median dose to the cochlea was 27 Gy RBE (range,
0 to 69 Gy RBE).

The median follow-up period for the study pa-
tients was 42 months (range, 9 to 80 months). At the
time of the analysis, all the patients were alive. One
mesenchymal chondrosarcoma recurred at 23 months
after the proton beam therapy in the CTV, which was

delivered zt a dose of 50 Gy RBE. Another two cases

Figure 1 Delivered dose to target volumes and organs at risk. CTV, clinical target volume; GTV, gross tumor volume.
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Figure2 Dosedistrbutionina case of chondrosarcoma. The gross tumor volurne {GTV) and clinical target volume {CTV) were
irradiated with a mean dose of 56 Gy and 50 Gy, respectively. High-dose arsa in brain stam was limited at the surface.

recurred in the CTV at 55 months and 71 months after
the treatment. One patient underwent reconstruction
surgery for the vertebrae immediately after the proton
beam therapy with 60 Gy RBE o the GTV. The tumor
was found in the CTV, but not within the GTV.
Another patient presented with 2 recwrrent lesion at
the center of the G'T'V, which was delivered 60 Gy RBE.
The patient underwent stereotactic radiosurgery for the
tumor, which measured 5 mm in diameter.
No patient developed radiation-induced optic
* neuropathy. There was a patient with variations in the
visual acuity during the follow-up period. Because of the
frequent intervention for cataract and the normal optic
nerve findings throughout the observation period, the
perturbations of the visual acuity were not regarded as
being attributable to the radiation neuropathy.

There were no patients with symptoms of brain
stem radiation necrosis, such as ataxia, weakness, and
dysarthria. Deterioration of ocular motion was not
observed in any of the patients at the time of the analysis.
In the eight patients who presented with diplepia, the
symptom improved after the treatment. Grade 2 serous
otitis was observed in six patients. Among these, three
patients showed persistent disease for more than
3 meonths. Five patients showed petrous bone destruction
by the tumor, 2nd in three of these patients, more than
60 Gy RBE had been delivered 1o the cochlear systerns.

DISCUSSION
Proten beam therapy for chordoma and chondrosarcoma
is known to be one of the best options to decrease the
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probability of recurrence after surgical removal. Excel-
lent local control and survival rates have been reported
from the United States and Europe from 1989 to 2001
(Table 3). The treasment targers in these reports con-
sisted of the clinical target volume with addition of a
significant margin to the remnant wmor. Because mi-
croscopic tumor cells around the tumor need to be
treated in the postoperative setting, this expanded treat-
ment target volume is large and irregular in shape and
frequently involves the critical organs at the skull base
(i.e., central nervous system, sensory organs, and cranial
nerves). Nevertheless, the prescribed doses are markedly
higher than the dose constraints for the critical organs.
Protor. beam therapy is considered the ideal method for
dose-gradient irradiation to irregular-shaped targets
among cntical organs, Even though the number of
subjects was small, the Inclusion of larger tumors in
the present stady, as compared with that in previous
reports of proton beam therapy, with adequate 3-year
disease control rates lends support to the concept of use
of proton beam therapy for the disease.

There are several reports of excellent long-term
control rates of chordomas and chondrosarcomas with
stereotactic radiotherapy and radiosurpery. These re-
ports indicate identical cutcomes with stereotactic
treatment as with proton beam therapy in selected
cases. However, the tumor volumes in these reported
cases were smaller than those in patients treated by
proton beam therapy, and unfavorable control rates
were noted for larger tumors. The irradiated targets in
these cases were the gross tumers alone. In this
iimited-volume irradiatien, microscopic residual tumor
cells around the primary rests were not irradiated. On
the other hand, repeated treatment may be possible in
the event of the tumor arising in different parts of the
skull base. The differences in the target volume and
size of the tumors treated may cause difficolties in
comparison of the treatment outcomes between the
modalities. However, at least the eligibility of large

tumors for treatment may be an advantage in proton
beam therapy.

The present series included subjects with exten-
stve invasions to skull base structures. Except for the
lesion arising from the cervical vertebrae, all the lesions

caused destruction of the petrous bone or suprasellar

part of the sphenold. Additionaliy, most patients pre-
sented with ocular symptoms or visual disturbances,
suggestive of encasement or involvement of the cranial
nerves by the tumor. Even proton beams could not
provide the dose gradient needed at the microscopic
border between the tumeor and the surrounding organs.
Congequently, most patients needed to be given com-
parable or equivalent doses to the dose constraints for
critical organs. Except for two cases of chondrosar-
coma, we introduced experimental dose constraints for
the optic aerves and brain stem. These were almost
identical to the dose constraints reported from experi-
enced high-volume proton beam therapy institutes, but
higher than the doses generally accepted for photon
beam treatment.'® Among 32 optic nerves, 10 were
delivered a dose identical to the constraint dose, 50 to
60 Gy RBE. Absence of radiation-induced optic neuro-
pathy in our case series with a median follow-up
duration of 36 months suggests that the experimental
constraint dose 13 feasible. Our results also suggested
the feasibility of using the dose constraint for the brain
stemn. Terahara et al. reported that the incidence of

brain stem injury was associated with the volume

ireadiated with z cercain dose.’’ The constraint dose
for Dy implemented in our study according to their
report allowed us to deliver a higher dose to the target
than that to the whole brain stem.

Although the treatment-related morbidity rate in
the present study was acceptable, there were six patients
who developed grade 2 otitis after proton beam therapy.

There have been few reports of otitis following proton -
beam therapy, although the adverse effect has been-

reported  following radiotherapy for nasopharyngeal

Table 3 Reported Qutcomes of Skull Base Chordoma and Chondrosarcoma

Noél

Munzenrider Austin-Seymour Hug
Study et al 1993 et al 1989"" et al 19992 et al 2001% . Present Study
Number of patients 821 &8 58 67 16
Mean volume {range}, mbL NA 5 (2-282) * 28 {1-125) 40 (7-548)
Mean dose {range) [66-83) 69 {57-78) 71 {65-79) 67 (60-70) 83 (50-70)
Follow-up {range) 1 (1254} 34 {17-152} 33.2{7-75) 29 {a-71) 42 {9-80)
Histolegy: Ch/Cn 375/248 40/28 33/25 49/18 8/8
Local control
Ch:5y98% 5y 82% Ch:3y67% Ch: 3y 35% Ch: 3y 100%
Cn:5v73% Cn:3y94% Cn:3y71% Crn: 3y 86%
Overall survival
Ch: by 80% 5y 80% Ch:3y87% Ch: 3y 75% Ch: 3y 100%
Cn: by 48% Crn: 3y 100% Cn: 3y 88% Cn: 3y 100%

*, cases more than 25 ml. Ch, chordema; Cn, chondrosarcoma; NA, not applicable.



206

SKULL BASE/VOLUME 21, NUMBER 3 2017

tumors. One reason it has not been reported as an
adverse effect of proton beam therapy is that the disease
has not vet been recorded as a severe event according to
the toxicity criteria. Another reason is the anatoinic site
of the tumors in previously reported series. Chondro-
sarcomas in a half of the present subjects tended to arise
from the off-axis part of the skull base as compared with
chordomas.? Therefore, they are likely to occupy the
eustachian tube and the auric media. The dose-cffect
relationship with otitis in the patients with nasophar-
yngeal tumors suggested an increase risk of the symptom
with a dose of 70 Gy delivered to the auric media. In the
present study, the otitis media developed in patients who
had more than 60 Gy' delivered to the avric media.
Establishment of a method to predict the risk of ofitis
after proton beam therapy will be necessary for improv-
ing the quality of life.

In the current study, we demonstrated the fea-
tures of tumors and the prescription and ocutcomes of
treatment. The present report including subjects with
tumors showing local extension and adequate local con-
trol rates indicates the advantages of preton beam in the
treafment of skull base tumors. We observed z few local
recurrences in cases treated with lower doses, but no case
of severe toxicity. it could be interpreted that further
improvement of the treatment may be expected with
dese escalation to the target and with establishment of
more predictive dose constraints for organs at risk in the

skull base region.
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High-Dose Proton Therapy and Carbon-Ion

Therapy for Stage T Nonsmall Cell
Lung Cancer

Hirornitsy jwata, MDY Masao Murakami, MD, PhD? Yusuke Demizu, MD, PhD? Daisuke Miyawaki, MD, PhD>3;
Kazuki Terashima, MD?; Yasue Niwa, MD?% Masayuki Mima, MD%; Takashi Akagi, PhD%;
Yoshio Hishikawa, MD, PhD?; and Yuta Shibamoto, MD, PhD'

BACKGROUND: A study was undertaken to evaluate the clinical outcome of particle therapy for stage | nonsmall cell
lung cancer (NSCLC). METHODS: From April 2003 to April 2007, 80 patients with stage | NSCLC were treated with
proton therapy or carbon-ion therapy (57 with proton therapy and 23 with carbon-ion therapy) using 3 treatrr_ient
protocols. In the first protocel, 80 gray equivalents (GyE) of proton therapy was given In 20 fractions, and the second
proton therapy protocol used 60 GyE in 10 fractions. For carbon-ion therapy, 52.8 GyE was given in 4 fractions. After
achieving promising preliminary results for the first protocol, the authors started to use the second proton therapy
protocol to shorten the overall treatment time. Carbon-ion therapy was started in 2005, and thereafter, both proton
and carbon-ion therapy plans were made for each patient, and the 1 that appeared superior was adopted, Patient
age ranged from 48 to 82 years (median, 76 years). Thirty-seven patients were medically inoperable, and 43 refused
surgery. Forty-two patients had T1 tumors, and 38 had T2 fumors. RESULTS: The median follow-up periad for living
patients was 35.5 moenths. For all 80 patients, the 3-year overall survival, cause-specific survival, and local control
rates were 75% (IA: 74%; IB: 76%), 86% (IA: 84%; iB: 88%), and 82% (JA: 8B7%; IB: 77%), respectively. There were no sig-
nificant differences in treatment resuits among the 3 pratocols. Grade 3 pulmanary toxicity was observed in only 1
patient. CONCLUSIONS: Proton therapy and carbon-ion therapy are safe and effective for stage | NSCLC. Further

investigation of particle therapy for stage | NSCLC is 'warranted. Cancer 2010;116:2476-85. ©_ 2070 American Cancer
Society. ’

KEYWORDS: proton therapy, carbon-ion therapy, nonsmall cell lung -cancer, stage |, hypofraéti_onated high-dose
irradiation. .

L.UNY cancer is the leading cause of cancer related-death in Japan. For stage I nonsmall cell lung cancer (NSCLC), surgi-
cal resection has been the standard treatment, and has yielded 5-year overall survival rates of approximarely 60%." How-
ever, because of medical inopérability caused by a variety of diseases, high age, poor respiratory function, or patient
refusal, surgery is not indicated for a considerable proportion of patienss with stage | NSCLC. In recent years, the use of
x-ray stereotactic radiotherapy has been spreading worldwide as a new treatment modality for stage I NSCLC.*” High
local control rates and 5-year survival rates of around 70% have been reported.”” Some srudies reported that dose escala-
tion to the target vohume improved the probability of local control and overall survival.®” Proton and carbori-ion beam
irradiation can theorecically produce a superior dose distribution to the target using the sharp distal falloff of the Bragg
peaks produced by these techniques compared with that produced by photon itradiation® In addition, carbon-ion
‘beams have high relative biological effectiveness, so a therapeutic gain can be expected.'® Therefore, particle therapy can
potentially deliver a higher dose to the primary tumor, leading to improved local tumor conirol, while simultaneousty
decreasing the irradiated volume and doses delivered to the surrounding critical organs such as normal lung tissue, heart,
esophagus, spinal cord, and mediastinum. ‘ '
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In Apsil 2001, the Hyogo Ion Beam Medical Center
became the first institution in the world to provide both
proton therapy and carbon-ion therapy.'! General prac-
tice of proton therapy began in April 2003, and carbon-
ion therapy was started in April 2005.12_44 In the present
study, we analyzed the safety and efficacy of high-dose
proton therapy and carbon-jon therapy applied to stage I
NSCLC at the Hyogo Ton Beam Medical Center.

MATERIALS AND METHODS

Study Design, Patient Eligibility, and
Characteristics

This was a clinical study based on protocols determined
by the particie therapy committee of Hyogo prefecture.
The eligibility criteria werc as follows: 1) histologically
confirmed primary NSCLC staged as IA or IB (T1 or T2,
NOMO: tumor <3 cm in greatest dimension [T1], or -
mor >3 cm in greatest dimension or infiltration of the
main bronchus at a distance from the carina of >2 am
[T2}, no regional lymph node metmstasis [NO], and ne
distant metastasis [MO]) by the International Union
Against Cancer 2002 staging system using computed to-
mography (CT) scans, bone scans, brain magnetic reso-
nance imaging (MRI), and 18-fluorodeoxyglucose (FDG)
positron emission womography (PET); 2) medical inoper-
ability or refusal of surgical resection; 3) World Healch
Organization performance stats <2; 4) no history of pre-
vious lung cancer; 3) no prior chest radiotherapy or chem-
otherapy; and 6) written informed consent. In genesal,
patients were deemed to be medically inoperable when
they had poor pulmonary function (vital capacity <75%
or ratio of forced expiratory volume in 1 second to forced
- vital capacity <60%), a history of major cardiovascular
diseases, severe diabetes mellitus, advanced age (>80 years
old), or other debilitating conditions that preclude sur-
gery. The treatment protocols have been evaluated by the
committee every other year and subjected to minor modi-
fications whenever necessary. The patient number was
expected to be at least 35 for each protocol to evaluate tox-
icity and efficacy. In May 2007, a revision of 1 of the pro-
tocols {from 60 gray equivalents [GyE] to 66 GyE in 10
fractions) was planned after 37 patients had accroed at the
time of a minor update to the system (improvement of the
respiratory gating system), so the data before this date
were analyzed in this article, together with the data for the
other ongoing protocols. From Aptil 2003 to April 2007,
80 stage | NSCLC patients were treated with proton ther-
apy or carbon-ion therapy at the Hyogo Ton Beam Medi-
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cal Center. Of these padents, 42 had stage IA (TINOMO),
and 38 had stage 1B (T2NOMO) disease. Patient and tu-
mor characeeristics are summarized in Table 1.

Treatment Protocols

The 3 treatment protocols proposed by the protocol com-
mittee were approved by the insticutional review board.
The first proton therapy protocol, 80 GyE delivered in 20
fractions, was set on the basis of earlier experiences at the
MNational Cancer Center East (Kashiwa, ]apan}.ls After
evaluaring acute and medium-term toxicity in 15 patients,
the second proton therapy protocol using 60 GyE in 10
fractions was started. This protocol was used to shorten
the overall treatment time and was based on a protocot
used at the Proton Medical Research Center in Tsukuba,
Japan.'® However, even after establishing the second pro-
tocol, the first protocol was also used in 5 patients with a
lesion close to the mediastinum or large vessels; in these
patients, the maximum dose to the esophagus was limited
to <65 GyE and that to the trachea, main bronchus, and
large vessels to <76 GyE. The carbon-ion therapy proto-
col, 52.8 GyE in 4 fractions, was defined according to the
protocol used at the National Institute of Radiological
Sciences in Chiba, Japan.” All radiation doses were deliv-
ered to the center of the tumor, All irradiation was given
once a day, 5 days a week. The policy for selecting beam
type was based partly on the availability of the particle
beams (between April 2003 and March 2005, only proton
therapy was available). In April 2005, carbon-ion therapy
becamie available, and thereafter, treatment plans for both
proton therapy and carbon-ion therapy were made for ev-
ety patient. Then, the dose-volume histograms were com-
pared, and a more suitable modality (proton therapy or
carbon-ion therapy) was determined and actually used for
each patient. Chemotherapy was not included in these
protocols.

Proton Therapy, Carbon-fon Therapy,

and Treatment Systems

The accelerator corplex at the Hyogo lon Beam Medical
Center consisted of 2 ion sources, 2 types of linear acceler-
ators, and a synchrotron (Mitsubishi Electric Corpora-
tion, Kobe, Japan). The paticnts were treated with 150-
MeV proton beams and 320-MeV carbon-ion beams.
The beam ranges were adjusced by a fine degrader, The
spread-out Bragg peaks of the proton and carbon-ion
beams were produced using bar-ridge filters. A respiratory
gating irradiation system developed at the National Insti-

" tute of Radiclogical Sciences in Chiba'® was used for all
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Tabte 1. Patient and Tumor Characteristics

Characieristics Proton Carbon Total
80 GyE/20 Fr 860 GyE{1 OFr 528 GyEM4 Fr
No. of patienis 20 37 23 80
Age, median y (range} 75 {48-87} 78 (57-87) 75 (54-89} 76 (48-85)
Sex, menfwomen 137 30/7 i4/9 87/23
PS 0/1/2 10/7/3 2001416 12/101 42/28/10
Reason for nonsurgical treatment ) )
Refusal of surgery R [ 19 14 43
Medical incperability® 10 18 9 37
Pulmonary 7 6 6 19
Cardiovascular 3 6 2 "
Severe diabetes mellitus 1 4 0 5
Age 1] 2 1 3
Others o] 2 a 2
Clinical stage )
TiNOGMO stage 1A 6 21 15 42
T2NOMO stage |B . 14 16 8 . 38
Longest umor diamesier, 32 (16-45) 31 (11-70) 25 (12-50) 30 (11-70)
median mim {range)
Histology, AD/SQ/others 11/8/1 214561 15/4/4 47/27/6
Smoking history (+/-) 14/6

31/6 ’ 16/8 60/20

GyE indicates gray equivalemts; T, fractions: PS5, performancé siatus; AD, adenocarcinoma; SQ, squamous cell

carcinoma.

25ome patients had2 or mare reasons for medical moparability.

patients to irradiate the beam during the exhalation phase.
Patient set-up was performed daily by subtraction of the 2
sets of orthogonal digital radiographs before irradiation.
The translation and rotation of the patient detected by the
positioning system were compensated for by adjustment
of the treatment couch. The setup was continued until the
bony landmarks on the digitally reconstructed radio-
graphs agreed within 1 mm. Biological effects of both pro-
ton therapy and carbon-ion therapy at the Hyogo Ion
Beam Medical Center were evaluated in vitro and in vivo,
and the relative biologic effectiveness (RBE) values for
proton and carbon-ion irradiation at the Hyogo Ion
Beam Medical Center were determined to be 1.1 and 2-

3.7 (depending on the depth in the spread-out Bragg

peaks), rc:spectivel)f.19 Because all tissues are assumed to
have aimost the same RBE for proton or carbon iogs,
doses expressed in GyE are directly comparable to photon
doses.

Treatment Planning

The radiation treatment plans were performed using a
CT-based 3-dimensional treacment planning system
(FOCUS-M, CMS, St. Louis, Mo and Mitsubishi Elec-
tric Corporation). Fach patiens was immobilized with a
custom-made thermoplastic cast (Kuraray Shell Fitter F,
Kuraray Trading Co., Osaka, Japan), and 2-mm-thick

2478

CT images were taken during the exhalation phase with a
tespiratory gating system. The lesions under the lung win-
dow were taken as the gross tumor volume (GTV), and
the clinical target volume (CTV) was defined as the GTV
plus a margin of 5 mm in all directions. The planning tar-
get volume (PTV) was defined as the CT'V plus a setup
margin of 5 mm and an internaj margin of 1 to 4 mm
depending on the stability of tespiration under the respi-
ratory gating system. A desirable trcatment plan was
defined as 1 that covered the PTV with >95% of the pre-
sctibed dose; however, such plans were frequently unable
1o reduce the doses to organs at risk. So, treatment plan-
ning to encompass 95% of the CTV with >95% of the
prescribed dose was sought. The doses were calculated on
the basis of the pencil beam algorithm. Adequate beam -
parameters, including beam energy, spread-out Bragg
peak width, and degrader thickness, were selected with
FOCUS-M. One o 4 portals were planned in both the

proton and carbon-ion treatments.

Follow-up Evaluation and Statistical Analysis

After particle therapy, the patients were observed at 1.5, 3,
4.5, 6,9, and 12 months during the fitst year, at intervals
of 3 months in the second year, and at 6-month intervals
in the third year and thereafter. Regular follow-up studies
included chest and upper abdominal CT scans and tumor
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Table 2. Treatment Characteristics and Dose Velume Analyses

Charactefisti cs

Proton Carbon Total
) 80 GyE/20 Fr 60 GyEAOQ Fr 52.8 GyE/4 Fr
No. of patients . .20 . 37 23 80
No. of pottals, 1/2/3/4 . 42/8/0/0 53114 0/8/141 17/47/15/1
PTV volume, om® (mediary) 26.5-243.9 {84.8)  22.9-211.0 (61.8) 16.4-200.6 (43.2) 16.4-200 6 (62.8)
V20 lung® [94) 5.0-24.0 (8.0) 5.0-17.0 (8.0) 3.0-13.0 (7.0) 3.0-24.0 (8.0)
BED10® (GyE) 112 96 1225

GyE indicates gray equivalents; Fr, fractions; PTV, planning target volume; BED, biological effective dose.

“Percentage of lung velume receiving >20 GyE.

®Calculated by linear-quadratic formalism assuming an alfa/bsta ratio of 10 GyE.

matker examinations. Brain MRI and FDG-PET were
usually performed once or twice pet year, of whenever
necessary. PET was used to evaluate distant metastases as
well as Jocal tumor status, especially when recurrence was
suspected within the shadow of radiation fibrosis. Biopsy
for a suspected local recurrence was petformed only when
no definite conclusions could be drawn from imaging
studies. Local responses to particle therapy were classified
according to the modified World Health Organization
response evaluadion criteria.®® As it was difficule wo distin-
guish the residual tumor tissue from radiation fibrosis, the
tumors were regarded as locally controfled when there was
no expansion of shadows in the irradiated area. Regional
Iymph node recurrence was not included in local recur-
rence. The overall survival, cause-specific survival, local-
control, and disease-Free survival rates were calculated
using the Kaplan-Meier method. Differences between
pairs of Kaplan-Meier curves were examined by the log-
rank test. Values of P < .05 were considered to be statisti-
cally significant. Statistical analyscs were carried out with
StatView Version 5 (SAS Instiwute, Cary, NC). Toxicities
were evaluated with the Common Texminology Critetia
for Adverse Events version 3.0,

RESULTS

Treatment Characteristics

The proton therapy protocol involving 80 GyE in 20 frac-
tions, that involving 60 GyE in 10 fractions, and the car-
bon-ion therapy protocol involving 52.8 GyE in 4
fractions were delivered to 20, 37, and 23 patients, tespec-
tively. A summary of the treatments is shown in Table 2.

Survf\}al and Local Control

All patients were observed for a minimum of £.5 years or '
until death. The median duration of follow-up was 35.5

months (range, 18-66 months) for living patients and

Cancer May 15,2010

30.5 months {range, 4-66 months) for all patients. For all
80 patients, the 3-year overall and cause-specific survival
rates were 75% (95% confidence interval [CI]: 64%-
86Y%; stage 1Az 749%; IB: 76%) and 86 % (95% CI, 77%-
95%; 1A: 84%; IB: 88%), respectively. Local recurrence
occurred in 15 patients (TA: 5; 1B: 10), and 4 patiencs with
stage IB disease developed local recurrence after 2 years.
Local recurrence was confirmed by biopsy in 2 partients,
autopsy in 1, and surgical resecrion in 1. The 3-year local
control and disease-free survival rates were 82% (95% ClI,
72%-92%; TA: 87%; 1B: 77%) and 54% (95% CI, 43%-
68%,; IA: 67%:; IB: 46%), respectively. For the protocols
involving 80 GyE/20 fractions of proton therapy, 60
GyE/10 fractions of proton therapy, and 52.8 GyE/4 frac-
tions of catbon-ion therapy, the 3-year overall survival
rates were 90%, 619%, and 86%, and the 3-year local con-
trol rates were 83%, 81%, and 86%, respectively (Fig. 1).
There were no significanc differences in the treatment
results among the 3 protocols.

Figure 2 shows overall and discase-free survival rates
according to medical operability for all patients treated
with particle therapy (n = 80) and for those treated with
proton therapy {n = 57). When all patients were analyzed,
the opetable patients had better survival rates than the
medically inoperable patients (7 = .028), although dis-
case-free survival did not differ significantly. For the 43
opetable patients treated with proton therapy or carbon-
ion therapy, the 3-year overall survival and local control
rates were 83% and 88%, respectively. Figure 3 shows
overall survival, local control, and disease-free sirvival
rates according to stage for all patients {n = 80, Fig. 3A)

-and for those treated with proton therapy {n = 57, Fig.

3B). There were no significant differences between stage
IA and IB patients, although disease-free survival tended
to be betrer in stage JA patients when all patients were aha-
lyzed (P = .055). Figurf: 4 shows overall survival, local
control, and disease-free survival curves according to
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Figure 1. Overall survival, local control, and disease-free sur-
vival curves are shown according to protocols involving 80
gray equivalents (GyE)/20 fractions (Fr) of proton therapy
(PT), 60 GYE/IO Fr of proton therapy, and 52.8 GyE/4 Fr of
carbon-ion therapy (CIT). There were no significant differen-
ces in the treatment results among the 3 protecols.
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Figure 4. Overall survival, local control, and disease-free sur-
vival curves are shawn for patients treated with proton ther-

apy according to histology. Patients with adenocarcinoma ’

(AD) had a higher local control rate than those with squa-
mous cell carcinema (5Q) (P = .022), although the overall
and disease-free survival rates were not different (P =19 and
.061, respectively).
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histology in patients treated with proton therapy. The
local control rates were higher for adenocarcinoma than
for squamous cell carcinoma (P = .02}. Fourteen patients
(7 each with stage IA and IB disease) developed hilar and/
or mediastinal lymph node metastases, and 1 of them also
had 2 lung metastasis. In addition, another 12 patients
developed distant merastases.

Complications

Table 3 summarizes adverse events according to stage.
Symptomatic radiation pneumonitis (grade 2 or higher}
was noted in 10 (13%) patients. Only 1 patient who had
very poor respiratory function and interstitial pneumoni-
tis before irradiation developed grade 3 radiation pneu-
monitis; he received steroids and needed continuous
oxygen inhalation. Most of these symptomatic grade 2 or
3 radiation pneumonitis cases occurred within 3 to 5
months after the start of irradiation. Symptomartic derma-
titis was noted in 13 patiencs (16%; grade 2 in 10 and
grade 3 in 3). For grade 3 dermatitis, which was seen in
4% of cases, wound care for skin ulcers {debridement,
wound bed preparation, moist wound healing, etc.} was
required. The other main toxicities observed were a grade
2 rib fracture without the presence of cancer in 18 {23%)

" and grade 2 fibrosis of soft tissue of the thoracicwall in 5

(6%). Most of these toxicitiss were fate toxicitics that were
seen after 6 months, :

DISCUSSION

Duuing the last 10 years, x-ray stereotactic radiotherapy
for stage I NSCLC has made marked progress. Favorable
results wirh x-ray stereotactic radiotherapy are accumulat-
ing for stage INSCLC, and x-ray stereotactic radiotherapy
is becoming an indispensable treatment maodality for
patients who refuse surgery or are medically inoperable.
An alternative to and possibly better treatment option
than x-ray stercotactic radiotherapy is particle radiother-
apy, and a comparison among these treatment modalities
should be performed with respect to physical dose distri-
bution and biclogical cffectiveness.* " As our facility does
not perform x-ray stercotactic radiotherapy, we could not
dircctly compare the dose distribution of patticle radio-
therapy with that of x-ray stercotactic radiotherapy. Gen-
unrecessary of the
mediastinum and contralateral lung can be minimized

erally  speaking, irradiation
with particle radiothetapy; the dose conformiry ac the tar-
get site may be betrer for x-ray stercotactic radiothetapy

when using noncoplanar Beams. > > The relatively large
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Table 3. Complications Related to Particle Therapy

Adverse Event

Proton Carbon Total
80 GyE/20 Fr- 60 GYE/O Fr 52.8 GyE/4 Fr

No. of patients 20 a7 23 80
Stage IA/IB 6. . . 14 s | 16 15 8 42 35
Radiation pneumonitis

Grade 2 - 0 3 3 1 1 13%

Grade 3 0 1 Q o] a 0
Dermatitis

Grade 2 1 3 1 3 0 2 16%

Grade 3 V] 3 . @ 0 0 0
Rib fracture, grade 2 2 7 3 3 1 2 23%
Soft tissus, grade 2 a 2 o] 2 0 1 6%

GyE indicates gray equivalents; Fr, fractions.

The taxicities were svaluated according to the Gommon Terminology Criteria for Adverse Evenis version 3.0.

scattered doses at the penumbra, as compared with those

produced by x-rays and carbon beams, may be a disad-

vantage of proton therapy, but conversely it may reduce
the risk of marginal recurrence. Regarding dose confor-
mity, most investigators of x-ray stereotactic radiotherapy
prescribed its doses to 95% of the PTV volume (D95p1+)
to be higher than 95 %,22% but we planned to prescribe a
D95crv of >95% in the present study, because T2
tumors >3 cm were often treated. Therefore, the target
coverage might have been worse in the present study com-
pared with the published data concerning x-ray stereotac-
tc radiotherapy. However, this disadvantage may be
improved by more strict treatmene planning. In proton
therapy, the dose distribution will become superior to that
of x-ray stereotactic radiotherapy when noncoplanar
beams become available in the near future. Indeed, this is
now under investigation in Japan (§. Murayama, personal
communication).

The doses of proton therapy and carbon-ion therapy
were expressed in GyE so that they were comparable to
those used in x-ray stereotactic radiotherapy; the differen-
ces in biological effects may be discussed with respect to
the doses in Gy for x-ray stereotactic radiotherapy and
GyE for proton therapy and carbon-ion therapy.'%1%#>%
However, carbon-ion therapy is more efficient against
hypoxic tumor cells than x-ray radiation. The biological
effects of proton irradiation have not been completely
clarified, and many dinicians think that the clinical RBE
of proton irradiation is higher than 1.1. This needs to be
confirmed in clinical studies in the near future. Neverthe-
less, it is possible thar the biological cffects of both proton
therapy and catbon-ion therapy are higher than those
expected from the doses. Interestingly, the local control
rates for squamous cell carcinomas obtained by procon

- 2482

therapy were worse than those for adenocarcinoma (Fig.
4}, A similar trend was also observed for carbon-ion ther-
apy, although the difference was not significant because of
the small number of patients. This is in contrast to the
general observations for x-ray radiotherapy.”® The reason
for this is unknown, buc during carbon-ion therapy per-
formed at the National Tnstitute of Radiological Sciences,
Chiba, squamous cell carcinomas tended to show lower
local control rates than melanomas and adenoid cystic car-
cinomas.*® During proton therapy and cartbon-ion therapy
performed for head and neck cancer at the Hyogo Ion
Beam Medical Center, a simitar trend was also experi-
enced.>® The differences in radiosensitivity shown by his-
tology should also be investigated further, and more studies
are necessaty to prove whether these observations are cor-
rect. At present, it may be concluded that particle radio-
therapy is efficacious against adenocarcinoma, which may
not be sufficiently respoasive to conventional radiotherapy.
We are conducting a laboratory experiment to examine
whether the sensitivity to particle therapy is different
between adenocarcinoma and squamous cell carcinoma.
The 3 protocols we used were chosen by following
those of previous investigators who reported favorable
outcomes.”> "7 Linear-quadratic (LQ) formalism is not
well applicable to hypofractionated radiation schedules,”
but if calculated using LQ formalism, a dose of 80 GyE
separated into 20 fractions is neary equal to 52.8 GyE
separated into 4 fractions, assuming an alfa/beta ratio of
10 GyE. Therefore, the 2 doses of proton therapy and car-
bon-ion therapy used in the present study may only be
slightly higher than those commonly used in x-ray stereo-
tactic radiotherapy, such as 48 Gy delivered in 4 frac-
tions. > Conversely, the 60 GyE dose regimen, which
was separated into 10 fractions, appears to be lower than
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Table 4. Representative Reported Results of Particle Therapy and X-Ray Stereotactic Radiotherapy

Study Therapy MNo. of Total Fraction
: Patients Dose Size
(IA/1B)

Miyamoto 2007%% * CIT " 50 {29/21) 72 GYE 8 GyE
Miyamato 200717 CiT 79 (42/37) 8528 or 13.2 or

80 GYE 15 GyE
Bush 2004% PT 68 (20/39) 5lor 5.1 or

60 GyE 6 GyE
Nihei 2006 PT 37 (17/20)  70-94 GyE  3.5-4.7 GyE
Onishi 20072 XSRT 257 {184/93) 30-84 Gy  4.4-35 Gy
Baumann 2008 XSRT 57 (40A17) 45 Gy 15 Gy
Timmerman 2006%  XSAT 70 (35/35) ' 60 or 20 or 22 Gy

. 66 Gy
This study 2010 FT 57 (27/30) 80 aor 4 o 6 QyE
' 80 GVE :

This study 201G CIT 21 (14/7) 528 GyE 132 GyE

Dose Treatment Qutcome Median
Specification Follow-up
(mo}
PTV >80% §-year O5: 50%; 5-year LC: 59
95%; no grade 34 toxicity
PIV >90% 3-year OS: 78%; 3-year LG: 39
98%; no grade 3+ toxdoity
NR Seyaar 05: 44%; 3-year LC: 30
74%; toxiciy: NR
NA 2-year OS: 84%; 2-year LC; 24
80%; RP grade 3: 8%
Marginal 3-year OS: 57%; S-year LC: 38
dose >80% 80%; RP above grade 2: 5.4%
67% Isodose S-year O8: 60%; 3-year LC: 35
of the PTY 92%; RP grade 3: 2%
Marginal 2-year OS: 55%; 2-year LC: 33
dose 80% 95%; RP grads 3-4: 14%
CTV >95% 3-year O8: 73%; 3-year LC: 40
81%; RP grade 3: 2%
CTV >85% 2-year OS: B7%; 2-year LC: 24

86%; RP grade 3: 0%

CIT indicates carbon-ion therapy; GyE, gray equivalenis; PTY, planning targef volume; 0S5, overall sundval rate; LG, local control rate; PT, protan 1herapy, NA,
not reported; RF, radiation preumonitis; XSRT, x-ray stersoiactic radioctherapy; Gy, grays; CTV, clinical target volume.

these doses. Table 4 summarizes the results of particle
therapy and x-ray stercotactic radiotherapy from other
institutions.”'>"7#*% Although the patient numbers for
each protocol are not sufficiently high, our data seem to
be comparable to the previously reported results for parti-
cle therapy. In addition to the paucity of data on particle
therapy, some of the reported results on proton therapy
are preliminary, and other studies are retrospective, with
various fractionation schedules; thetefore, optimal treat-
ment protocols are still under investigation. Our data
would serve as a basis for further refinement of treatment
protocols. Results on carbon-ion therapy have only been
reported from the National Institute of Radiological Sci-
ences in Chiba, Japan. 1932 The group has been investigat-
ing various fractionation schedules (from 18 to only 1
fraction, recently}. We adopted their 4-fraction protocol,
and have observed favorable outcome. Carbon-ion thet-
apy is available in only 3 institutions in the world, so opti-
mal treatment schedules need o be further investigated in
the future. The overall results with respect to 2- and 3-
year local control and survival rates appear roughly com-
parable to those reported for x-ray stereotactic radiothes-
apy. However, it should be noted that larger tumors are
included in the present study; nevertheless, the results
obtained in the present study were similar to those
reported for x-ray stereotactic radiotherapy. Tumors >5
cm in diameter are not indicated for x-ray stereotactic
radiotherapy, but they can be treated with proton therapy
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or cathon-ion therapy with considerable expectation of
local control. '

Pulmonary toxicity was modest in both proton ther-
apy and catbon-ion therapy in the present study. This is
not surprising, considering the dose distribution of proton
and carbon ions, Tt should be noted that even in patients
with large tumors >5 cm in diameter, no grade >3 toxic-
ities developcﬂ, indicating the safety of the treatrent.”®
Conversely, rib fracture and dermatitis (grade >2) were
frequently seen in patients treated from April 2003 to De-
cember 2004; most of these patients were treated with

.only 1 portal to obtain enough spread-out Bragg peaks.

The dose delivered to the skin and ib rose to about 70%
to 100% of the isocenter dose in these cases. Thereafter,
we used 2 or rnore portals and rarely observed such com-
plications. Thus, this problem can be solved by using mul-
tiple portals. In view of the acceprable toxicity in the
present study, we have been using a new proton therapy
protocol involving 66 GyE given in 10 fractions since
May 2007. The other proton therapy protocol of 80 GyE
in 20 fractions and the carbon-ion therapy protocol of
52.8 Gy in 4 fractions are still under evaluation until
higher patient numbers have accrued.

Tumor motior is always a problem in high-preci-
sion. radiotherapy. Proton therapy provides sharp distal
falloff of radiation doses compared with carbon-ion ther-
apy, but in the lung tssue this falloff is somewhat
obscured. Carbon-ion bearns have a smualler penumbra
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than proton beams,”*®

which influences treacment plan-
ning. Thus, special attention needs to be paid to tumor
motion, and we treated all patients with the respiratory-
gating system. Our treatment system does Not use a cur-
rently spreading image-guidance system using CT, so
image-guided particle therapy should be a topic of furure
investigation, especially for stereotactic treatment. In
addition, 4-dimentional CT evaluation should also be a
future topic.

To compare proton therapy and carbon-jon ther-
apy, we evaluated both of the plans. When dose distribu-
tions were compared, there were many cases in which low
dose areas had spread into the surrounding normal fungs
during the proton therapy planning. This was apparently
because of the relatively large penumbra of proton
beamns.*”?® The dose distribution of a single beam appears
to be better in carbon-ion therapy than in proton therapy.
However, the beam directions are limited to 3 fixed posi-
tions in carbon-ion therapy, whereas proton therapy can
use a rotational ganury. The high positioning accuracy
achieved, by irradiating patients in a supine position was
also an advantage of proton therapy. Therefore, carbon-
ion therapy appeared to be advantageous for twmors thac
could be readily treated with the fixed 3 portals. There-
fore, we will continue to make treatment plans for both
proton therapy and carbon-ion therapy and try to choose
the superior method in further studies.

In conclusion, proton therapy and carbon-ion ther-
apy appeared to yield treatment outcomes comparable or
possibly superior to those obtained by x-ray stereotacdc
radiotherapy for stage I NSCLC. The tole of proton ther-
apy versus carbon-ion therapy should be clarified in furure
studies. Optimal doses and fractionation schedules should
be further investigated. It should also be clarificd whether
particle radiotherapy is more efficacious than x-ray stereo-
tactic radiotherapy for T2 tumors and whether radiosensi-
dvity differs with tumor histology. Stereotactic proton
sherapy using a noncoplanar beam arrangement should be
established in the near future.
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) 64 | 27.5 37 1706107 | 13454 13221
RFEH | Tsujii et | 2008 | 90 | 42.8 | 19.5 936770

al

ICER, Incremental cost-effective ratio (3432 Fzh F k)
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