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ORIGINAL ARTICLE

Feasibility

of Proton Beam Therapy for

Chordoma and Chondrosarcoma of the

Skull Base

Hiroshi Fuji, ¥M.D.,

Ph.D.," Yoko Makasu, M.D., Ph.D.,2 Y uji Ishida, M.D., Ph.D.,?

Satoshi Horiguchi, M.D., Ph.D.,° Koichi Mitsuya, M.D., Ph.D.,2

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 chordoma 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 cm®). The prescribed dose ranged from 50 to 70 Gy (relative biological
effectiveness [RBE]), with a 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 contrel
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 beam therapy is generally feasible for both chordoma and chondrosarcoma of the
skull base, with excellent local control and survival rates.

KEYWORDS: Proton bearn, radiotharapy, 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 is reported
to be 0.03 per 100,000 population. Chordoma is a tamor
arising from the remnants of the notochord. About half
of these tumors occur at the sacrococcygeal synchond-
rosis, 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 distinet histological features, the clinical
presentation and treatrmnent 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 bony structures of the skull base
and the surrounding critical organs 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 zround
the primary turnor as adjuvant treatment; about halfof the
patients receive postoperative radiotherapy according to
reports from several institutes.

Proton beams therapy has been reportéd 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 treatment was tested at

. select institutes between the 19705 and 19905520 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.m_ls' These dose constraints for organs at risk
surrounding a tumor were then used 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 organs.

After these revisions of the prescription method
of proton beam therapy, few data have been published on
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 reproducible 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 techniques
of radiotherapy needs to be assessed more dearly with
appropriate selection of subjects suitable for the treat-
ment, because comparable clinical outcomes of other
advanced radiotherapeutic techniques are emerging for
certain types of skull base tumors.'**%

METHODS

‘The data of consecutive patients who underwent
proton beam therapy for cherdoma 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 previcus

© surgery or biopsy. The eligibility for surgical resection

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

The gross tuwmor volume (GTV) was defined as
the gross extent of the tumor cobserved on computed
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 target were also
delineated on the planning CT images. Taking into
account the relative biological effect of a proton beam,
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 maximum doses covering
0.9 cm3 of the brain stem (Do) and the center of the
brain stem were limited to less than 67 Gy RBE and 60
Gy RBE, respectivciy.m The prescribed dose was defined
as the dose that covered 90% of the’ GTV. An attempt
was made to deliver more than 50 Gy RBE to the PTV,
According to the dose constraints and predefined homo-
geneity vaiue for PTV, the maximum dose to the PTV
was within 105% of the prescribed dose and was 70 Gy
RBE. Every patient was treated by the conventional
fractionated schedule, at 1.8 Gy RBE/fraction. The
treatment was not combined with photon beam therapy
in any of the patients. During the treatment session, the
head and neck were immobifized 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 tumors 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 treatrnent planning. Local
progression was defined as increase of the tumor volume
as compared with the prefreatment volume or the
appearance of new lesions in the CTV. Toxicities were
scored according to the Common Toxicity Criteria,
version 3.0, of the Naticnal Cancer Institute.

The end points analyzed 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-Meier approach. All the statistical analyses were
performed using the PASW 17 (IBM, Chicago, TL).

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

Characteristics Value

Age, median {range) 38 (9-78)
Gender (7} maleffernale 10/6
Histological type: chordoma/chondrosarcoma/mesenchymal chondrosarcoma 8/5/3
Previous treatmant (n): surgery/chemotherapy/none 13/2/2
Pretreatment symptom (n): diplopia/pain/diminished visual acuity/facial nerve palsy /34272
Gross wmor volurme (cm®), median (range) 40 (7-548)
Clinical target volume {em®), median irange) 113 {39-667)

Table 2 Characteristics of Tumer Extension

Mumber of

Turmor Location Patients {%)

Clival invasion 111{61%)
Farasellar extension 8 (44%)
Sphenold sinus invasion 10 (56%)
Suprasellar extension 7 (38%])
Petrous bone invasion 10 {55%)
Occipital bone invasion 7 {38%)
Frontal bone invasion 3({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 divus, 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
CTV were 63 Gy RBE (range, 50 to 70 Gy RBE) and 60
Gy RBE (range, 48 to 69 Gy RBE). The Dys 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 RBE). There were two

pateats with a lower prescribed dose (50 Gy RBE). The
doses in these patients were selected taking into account
the risk of radiation-induced optic neuropathy. One
patient had a mesenchymal chondrosarcoma arising
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 tumor to radiotherapy, the dose to the tamor 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 acvity on both sides, 50 Gy RBE was also
selected as 2 constraint for the optic nerves by the
patient. The mean and Dyg 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 mediar 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. Ore
mesenchymal chondrosarcoma recurred at 23 months
after the proton beam therapy in the CTV, which was

delivered at 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 volurme.
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Figure2 Dose distribution in a case of chondrosarcoma, The gross tumor volume (GTV) and clinical target volume (CTV) were
irradiated with a mean dose of 56 Gy and 50 Gy, respectively. High-dose arsa in brain stem was limited at the surface.

recurred in the CTV at 55 months and 71 months after
the treatmeent. One patient underwent reconstruction
surgery for the vertebrae immediately after the proton
beam therapy with 60 Gy RBE to the GTV. The tumor
was found in the CTV, but not within the GTV.
Another patient presented with 2 recurrent lesion at
the center of the GTV, 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 opfic

- 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 ncuropathy.

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 diplopia, 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 months. Five patients showed petrous bone destruction
by the tumor, and in three of these patients, more than
60 Gy RBE had been delivered to the cochlear systems.

DISCUSSION

Proton 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, Eucel-
lent local control and survival rates have been reported
from the United States and Europe from 1989 to 2001
(Table 3). The treatment targets in these reports con-
sisted of the clinical target volume with addition of a
significant margin to the remnant tumor. Because i
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
(L.e., central nervous system, sensory argans, and cranial
nerves). Nevertheless, the prescribed doses are markedly
higher than the dose constraints for the critical organs.
Proton beam therapy is considered the ideal method for
dose-gradient irradiation to irregular-shaped targets
among critical organs. Even though the number of
subjects was small, the inclusion of larger tumors in
the present study, 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 leng-term
control rates of chordomas and chondrosarcomas with
stereotactic radiotherapy and radiosurgery. These re-
ports indicate identical outcomes 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 tumors alone. In this
limited-volume irradiation, microscopic residual tumor
cells around the primary nests 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 mazy cause difficuities 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-
sive 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 sphenoid. Additionally, most patients pre-
sented with ocular symptoms or visual disturbances,
suggestive of encasement or involvement of the cranisl
nerves by the tumor. Even proton beams could not
provide the dose gradient needed at the MIiCroscople
border between the tumor and the surrounding organs.
Consequently, 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 nerves 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 is feasible. Qur results also suggested
the feasibility of using the dose constraint for the brain
ster. Terahara et al. reported that the incidence of

brain stem injury was associzted with the volume

irradiated with a cerrain dose.!’ The constraint dose
for Dy g implemented in our study according to their
report aliowed 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 ofitis following proton -
beamn 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 199877 et al 1989"" et al 1529™ et al 2001% Prasent Study
Number of patients 621 68 58 &7 186
Mean volume {range}, mL NA 5 {2-282) * 28 {1-12h) 40 (7-548)
Mean dose (range) (66-83} 639 (57-76) 71 {65-79) 67 (6070 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 4918 8/8
Local control .
Ch: 5y 98% By B82% Ch:3y67% Ch: 3y 85% Ch: 3y 100%
Cn:5vy 73% Cn:3y94% Cn:3v71% Cn:3vy86%
Overall survival
Ch:by80% 5y 80% Ch:3y87% Ch:3vy75% Ch: 3y 100%
Cn:5v 48% Crn:3y100% Cn: 3y 88% Crn: 3y 100%

¥, cases more than 25 ml. Ch, chordema; Cn, chondrosarcoma: NA, not applicable.
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tumors. One reason it has not been reported as an
adverse effect of proton beam therapy is that the disease
has not yet been recorded as a severe event according to
the toxicity criteria. Another reason is the anatomic site
of the tumors in previously reported series. Chondro-
sarcomas in a half of the present subjects tended to arise
from the off-aas part of the skull base as compared with
chordomas.? Therefore, they are likely to occupy the
eustachian tube and the auric media. The dose-effect
relationship with otitis in the patients with nasophar-
yngeal turnors suggested an increase risk of the symptom
with 2 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 auric media.
Establishment of a method to predict the risk of otitis
after proton beam therapy will be necessary for improv-
ing the quality of life.

In the curreat study, we demonstrated the fea-
tures of tumors and the prescription and outcomes of
treatment. The present report including subjects with
turnors showing local extension and adeguate local con-
trol rates indicates the advantages of proton beam in the
treatment 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
dose 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-lon

Therapy for Stage I Nonsmall Cell
Lung Cancer

Hiromitsu fwata, MD'%; Masao Murakami, MD, PhD% Yusuke Demizu, MD, PhD? Daisuke Miyawaki, MD, PhD*;
Kazuki Terashima, MD?; Yasue Niwa, MD?; Masayuki Mima, MD?; Takashi Akagi, PhD®;
Yoshio Hishikawa, MD, PhD?; and Yuta Shibamoto, MD, PhD'

BACKGROUND: A siudy 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 patienis with stage | NSCLC were treated with
proton therapy or carbon-icn therapy (57 with p_r_bton therapy and 23 with carbon-ion therapy) using 3 treatment
protocols. inthe first protocol,_ 80 gray equivaients (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 protoéol, the authors started to use the second proton therapy
protocol to shorten the overall treatment time. Carbon-ian 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 vears (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 period for living
patients was 35.5 months. For all 80 patients, the 3-year overall survivai, cause-specific survival, and local control
rates were 75% {JA: 74%; IB: 76%), 86% (1A; B4%; 1B: 88%), and 82% (IA: B7%; 1B: 77%), respectively. There were no sig-
nificant differences in treatment results é\mong_ the 3 protocols. Grade 3 pulmon_afy 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 'wartranted. Cancer 2010;116:2476~85. ©.2070 American Cancer
Society. . '

KEYWORDS: proton therapy, carbon-ion therapy, nonsmall cell lung cancer, stagé |, hypofractionated high-dose
irradiation. . '

L.UNG 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 discases, high age, poor respiratory function, or patient
refusal, surgery is not indicated for a considerable proportion of patients wich stage I NSCLC. In recent years, the use of
x-ray stereotactic radiotherapy has been spreading worldwide as a new treatment modality for stage 1 NSCLC.*” High
local control rates and S-year survival rates of around 70% have been reported. > Some studies reported that dose escila-
tion to the target volume improved the probability of local control and overall survival.®” Proton and carbori-ion beam
irradiation can theoretically produce a superior dose distribution to the targee using the sharp distal falloff of the Bragg
peaks produced by these techniques compared with that produced by photon irradiation.®” 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 imptoved local tumor control, 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 April 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-
jon therapy was starred in April 2005.'* 4 I the present
study, we analyzed the safety and cfﬁcacy of high-dose
proton therapy and carbon-ion therapy applied to stage I
NSCLC at the Hyogo Ion Beam Medical Center.

MATERIALS AND METHODS

Study Design, Patient Eligibility, and
Characteristics

This was a clinical study based on protocols determined
by the parricle therapy committee of Hyogo prefecture.
The eligibility criterid were as follows: 1) histologically
confirmed primary NSCLC staged as IA or IB (T1 or T2,
NOMO: tumor <3 cm in greatest dimension [T'1}, or ta-
mor >3 cm in greatest dimension or infiltration of the
main bronchus ar a distance from the carina of >2 cm
[T2], no-regional lymph node metastasis [NO], and no
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-flucredeoxyglucose (FDG)
positron emission tomography (PET); 2} medical inoper-
ability or refusal of surgical resection; 3) World Healch
Organization performance status <2; 4) no history of pre-
vious lung cancer; 3) no prior chest radiotherapy or chem-
otherapy; and 6) written informed consent. In general,
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] o 66 GyE in 10
fractions) was planned after 37 patients had accroed at che
time of a miner update to the system (improvement of the
respiratoty gating system), so the data before this date
were analyzed in this article, together with the data for the
other ongping protocols. From April 2003 to Apsil 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 (T1NOMO),
and 38 had stage IB (T2NOMO) disease. Patient and tu-

mor characreristics are summarized in Table 1.

Treatment Protocols

The 3 treatment protocols proposed by the protocol com-
mittee were approved by the institutional review board.
The first proton therapy protocol, 80 GyE delivered in 20
fractions, was set on the basis of earlier experiences at the
National Cancer Center Fast (Kashiwa, Japan).'” After
evaluating 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 protocol
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
becanie available, and thereafter, treatment plans for both
proton therapy and carbon-ion therapy were made for ev-
ery patient. Then, the dose-volume histograms were com-
pared, and a more suitable medality (proton therapy or
carbon-ion therapy) was determined and actually used for
each patient. Chemotherapy was not included in these
protocols. :

Proton Therapy, Carbon-lon Therapy,

and Treatment Systems

The accelerator complex at the Hyogo Jon Beam Medical
Center consisted of 2 ion sources, 2 types of linear acceler-
ators, and a synchrotron (Mitsubishi Electric Corpora-
tion, Kobe, Japan). The patients were treated with 150-
MeV proton beams and 320-McV catbon-ion beams.
The beam ranges were adjusted by a fine degrader. The
spread-out Bragg peaks of the proton and carbon-ion
bearns were produced using bas-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 Tumeor Characteristics

Characieristics Proton Carbon Total
80 GyE/20 Fr 60 GyE/1 0Fr 5238 GyEMAFr
No. of patienis 20 37 23 80 .
Age, median y (range} 75 {A8-87} 78 (57-87) 75 (54-88} 76 (48-85)
Sex, menfwomen 1377 30/7 14/9 87/23
PS 0/1/2 10/7/3 20/11/6 12/10A 42/28/10
Reason for nonsurgical treatment ’
Refusal of surgery ' 10 19 14 43
Medical inoperability® 10 18 9 37
Pulmeonary 7 g 8 19
Gardiovascular 3 B 2 Rl
Severe diabetes mellitus 1 4 0 5
Age 0] 2 1 3
Others ’ G 2 0 2
Clinical stage ) :
TiNCGMO stage 1A 6 A 15 42
T2NOMO stage 1B : 14 16 8 . 38
Longest umor diamster, 32 (16-45} 31 (11-70) 25 (12-50) 30 (11-70G)
median mm {frangs)
Histology, AD/S0Q/others 11/8M1 21/15M1 15/4/4 47/27/6
Smoking history (+/-} . 14/6 e 15/8 80/20

GyE indicates gray equivalents; T, fractions; PS5, performance sialus; AD, adenocarcinoma; SGQ, squamous celf

carcincma,

“Some patients had 2 or more reasons for medical moperahﬂlty

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-outr Bragg

peaks), respectively.'? Because all tissues are assumed to
have almost the same RBE for proton or carbon jons,
doses expressed in GyE are directly comparable to photon
doses.

Treatment Planning

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

2478

CT images were taken during the exhalation phase with a
respiratory gating system. The [esions 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 CTV plus a setap
margin of 5 mm and an internal margin of 1 to 4 mm
depending on the stability of respiration under che respi-
ratory gating system. A desirable treatment plan was
defined as 1 chat covered the PTV with 2>95% of the pre-
scribed dose; however, such plans were frequently unable
to reduce the doses to organs at risk. So, treatmenc plac-
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 enerpy, spread-out Bragg
peale width, and degrader thickness, were selected with
FOCUS-M. One to 4 portals were planned in both the

proton and carbon-ion treatments.

Follow-up Evaluation and Statistical Analysis

After patticle therapy, the patients were observed at 1.5, 3,
4.5,6,9, and 12 months during the first 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 tumer
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Table 2. Treatrment Characteristics and Dose Volume Analyses

Charac’ceﬁsiics

Proton Carbon Total
_ 80 GyEf20 Fr 60 GYEHOFr  52.8 GyE/4 Fr
~ No, of:patients ) 20 37 23 80
No. of portals, 1/2/3/4 . 12/8/0/0 5/31/1/0 0/8/14/1 17/47/15M
PTV volume, o {(median) 26.5-243.9 (84.8)  220-211.0 (61.8) 16.4-290.6 (43.2) 16.4-290.6 (2.8}
V20 lung® (%4) 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) 12 96 122.5

GyE Indicates gray equivalents; Fr, fractions; PTV, planning target volume; BED, biolegical effective dose.

®Percentage of lung volume receiving =20 GyE.

®Calculated by linear-quadratic formalism assuming an alfa/beta ralio of 10 GyE.

matker examinations. Brain MRI and FDG-PET weze
usually performed once or twice per year, or whenever
necessary. PET was used to evaluace distant metastases as
well as local tumor status, especially when recurrence was
suspected within the shadow of radiation fibrosis. Biopsy
for a suspected local recurrence was performed only when
no definite conclusions could be drawn from imaging
studies. Local responses to particle therapy were dassified
according to the modified World Health Organization
response evaluacion criteria.” As it was difficult 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
[ymph 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 cutves were examined by the log-
rank test. Values of P < .05 were considered to be statisti-
cally significant. Statistical analyses were carried out with
StatView Version 5 (SAS Institute, Cary, NC). Toxicides
were evaluated with the Common Terminology Critetia
for Adverse Fvents 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, respec-
tively. A summary of the treattuents is shown in T'able 2,

Survival and Local Contro!

All patients were observed for a minimurna of 1.5 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 patents. For all
80 patients, the 3-year overall and cause-specific survival
rates were 75% (95% confidence interval [CI]: 64%-
869%%0; stage TA: 749%; 1B: 76%) and 86 % (95% CI, 77%-
95%; 1A: 84%; IB: 88%), respectively. Local recurrence
occurred in 15 patients (1A: 5; IB: 10), and 4 patiencs with
stage 1B disease developed local recurrence after 2 years.
Local recurrence was confirmed by biopsy in 2 patients,
autopsy in 1, and surgical resection in 1. The 3-year local
conirol and disease-free survival rates were 82% (95% CI,
72%-92%; TA: 87%; 1B: 77%) and 54% (95% CI, 43%-
68%; LA: 6G7%; 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 significant 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 treaved with
proton therapy {n = 57). When all patients were analyzed,
the operable patients had better survival rates than the
medically inoperable patients (P = .028), although dis-
ease-free survival did not differ significantly. For the 43
operable 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 discase-free survival
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 better in stage [A patients when all patients were ana-
tyzed (P = .055}. Figure 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/10 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 protocaols.
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treated with particle therapy (A: P = .028 and .34, respec-
tively) and for those (n = 57) treated with proton therapy (B:
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Figure 3. Overall survival, local control, and disease-free sur-
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cle therapy (A: n = 80} and treated with preten therapy (B: n
= 57). There were no significant differences between stages
1A and IB.
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Eigure 4. Overall survival, local control, and disease-free sur-
vival curves are shown 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 carcinoma (SQ) (P = .022), althcugh the overall
and disease-free survival rates were not different (£ =19 and
061, respectivealy).
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histology in patients treated with proton therapy. The
Jocal control rates were higher for adenocarcinoma than
for squamous cell carcinoma (P = .02}. Fourteen patients
(7 each with stage JA and IB disease) developed hilar and/
or mediastinal lymph node metastases, and 1 of them also
had a lung metastasis. In addition, another 12 patients
developed distant metastases.

Complications

Table 3 surmarizes adverse events according to stage.
Symptomatic radiation pneutnonitis (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 occurted within 3 to 5
months after the start of irradiation. Symptomatic deroa-
titis was noted in 13 patients (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 1ib fracture without the presence of cancer in 18 (23%)
and grade 2 fibrosis of soft tissue of the thoracic wall in 5
(69). Most of these toxicities were late toxicities 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 with x-ray stereotactic radiotherapy are accumnulat-
ing for stage | NSCLC, and x-ray stereotactic radiotherapy
is becoming an indispensable treatment modality for
patients who refuse surgery or are medically inoperable.
An alternative to and possibly better treatment option
than x-ray stereotactic radiotherapy is particle radiother-
apy, and a comparison among these treasment modalities
should be performed witch respect to physical dose distri- .
bution and biological cffectiveness.” " As our facility does
not perform x-ray stercotactic radiotherapy, we could not
directly compare the dose distribution of pasticle radio-
therapy with that of x-ray stereotactic radiotherapy. Gen-
erally of the
mediastinum and contralateral lung can be minimized
with particle radiotherapy; the dose conformity at the tar-

speaking, irradiation

unciecessary

' get site may be betrer for s-ray stereovactic radiotherapy

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 h 8 R | as
Radiation pneumonitis
Grade 2 0 3 3 1 1 13%
Grade 3 0 1 Q o] 0 0
Dermatitis
Grade 2 1 3 1 3 0 2 16%
Grade 3 0 3 0 0 0 0
. Rib fraciure, grade 2 2 7 2 3 1 2 23%
Soft tissue, grade 2 a 2 o 2 0 1 6%

GyE indicates gray equivalents; Fr, fractions.

The toxicities were svaluated according to the Common Terminology Criteria for Adverse Events 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 (D95p 1)
to be higher than 95%,%** but we planned to prescribe a
D95¢ry of >95% in the present study, because T2
tumors >5 cm wete often treated. Therefore, the target
coverage might have been worse in the present study com-
pared with the published data concerning x-ray stereotac-
tic radiotherapy. However, this disadvantage may be
improved by more strict treatment planning, In proton
therapy, the dose distribution will become superior to that
of x-ray stercotactic radiotherapy when noncoplanar
beams become available in the near future. Indeed, this is
now under investigation in Japan (8. Murayama, petsonal
comumurication),

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
Gy for proton therapy and carbon-ion therapy.'%'7*%%
However, carbon-ion therapy is more efficient against
hypoxic tamor cells than x-ray radiation. The biclogical
effects of proton irradiation have not been completely
clarified, and many clinicians 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 that the biological effects of both proton
therapy and carbon-ion therapy are higher than those
expected from the doses. Interestingly, the local control
rates for squamous cell carcinomas obtained by proton
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therapy were wosse 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 Institute of Radiological Sciences,
Chiba, squamous cell carcinomas tended to show lower
local control rates than melanomas and adenoid cystic car-
cinosas.”® During proton cherapy and carbon-ion therapy
petformed for head and neck cancer at the Hyogo Ion
Beam Medical Center, a similar 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 adestocarcinoma, which may
not be sufficiently responsive 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 nearly equal to 52.8 GykE
separated into 4 fractions, assuming an aifa/beta ratio of
10 GyE. Therefore, the 2 doses of procon therapy and car-
bon-ion therapy used in the present study may only be
slightly higher than those commonly used in x-rzy 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 No. of Total Fraction
Patients Dose Size
{IA/1B}
Miyamateo 2007%2 - CIT "B (29/21)° 72 GyE 8 GyE
Miyamota 200777 CiT 79 (42/37)  528or 3.2 or
60 GyE 5 GyE
Bush 20043 PT 68 (29/38) 5lor 5.1 or
60 GyE 6 GyE
Nihel 2006'® PT 37 (17/20)  70-94 GyE  3.5-4.7 GyE
Onishi 20072 XSRT 257 (164/93) 30-84 Gy  4.4-35 Gy
Baumann 200934 XSRT 57 (40AT) 45 Gy 15 Gy
Timmerman 2006%  XSRT 70 (35/35) | &0 or 20 or 22 Gy
. 66 Gy
This study 2010 PT 57 {27/30) 80 or 4 or 6 GyE
‘ £0 GyE- :
This study 2010 cIT 21 (14/7) 52.8 GyE  13.2 GyE

Dose Treatment Qutcome Median
Specification Follow-up
(mo)
PTV >80% 5-year OS: 50%; &-yedr LC: 59
95%; na grade 34 toxicity
PTV »80% 3-year OS: 78%; 3-year LC: 39
98%; no grade 34 toxdicity
NR 3-year 08: 44%; 3-year LC: 30
74%; oxicity: NR
NR 2-year OS: 849%; 2-year LC: 24
80%; RF grade 3: §%
Marginal 3-year OS: 57%; 3-year L.C: 38
dose >80% 80%; RP above grade 2: 5.4%
67% isodose 3-year OS: 60%; 3-year LC: 35
of the PTV 92%; RP grade 3: 2%
Marginal 2-year OS: 55%; 2-year LC: 33
-dose 80% 95%; RP grade 3-4: 14%
CTV »85% 3-year O8: 73%; 3-year LC: 40
51%; RP grade 3: 2%
CTV >85% 2-year OS: 87%; 2-year LC: 24

BG%:; RP grads 3: 0%

CIT indicates carbon-ion therapy; GyE, gray equivalents; PTV, planning farget volume; 08, overall survival rate; LG, local control rate; PT, protan therapy; NR,
not reported; RE, radiation pneumenitis; X8RT, x-ray stersoiactic radiotherapy; Gy, grays; CTV, dinical tasget volume.

these doses. Table 4 summarizes the results of particle
therapy and x-ray stercotactic radiotherapy from other
insticutions. ! >17%3% Although the patient numbers for
each protocol are not sufficiently high, our data seem to
be comparable to the previousty reported results for parti-
cle therapy. In addition to the paucity of data on particle
therapy, some of the reposted results on proton therapy
are preliminary, and other studies are retrospective, with
various fractionation schedules; therefore, optimal treac-
ment protocols are sl 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 Natlonal Institute of Radiological Sci-
ences in Chiba, Japan.'”** The group has been investigat-
ing vatious fractionation schedules (from 18 to only 1
fraction, recently). We adopted their 4-fraction protocol,
and have observed favorable outcome. Carbon-ion ther-
apy is available in only 3 institutions in the world, so opti-
mal treatment schedules need to be further investigated in
the future. The overall results with respect w 2- and 3-
year local control and survival rates appear roughly com-
parable to those reported for x-ray stercotactic radiother-
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 ioms. It should be noted that even in patients
with large turnors 5 cm in diamerer, no grade >3 toxic-
ities developcd, indicating the safety of the treatment.>®
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 rib rose to about 70% '

“to 100% of dhe isocenter dose in these cases. Thereafter,-

we used 2 or maore portals and rarely observed such com-
plications. Thus, ¢his problem can be solved by using mul-
tiple portals. I view of the acceptable 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 tissue this falloff is somewhat
obscured. Carbon-ion bemns have a smaller penumbra
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than proton beams,”” 3

which influences teecatment 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 docs not use a cur-
rently spreading image-guidance system using CT, so
image-guided particle therapy should be a topic of future
investigation, especially for stereotactic treatment, Tn
addition, 4-dimentional CT evaluation should also be a
future topic.

To compare proton therapy asd carbon-ion 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 lungs
during the proton therapy planning. This was apparently
because of the relatively large penumbra of proton
heams.*”*® The dose distribution of asingle 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 ganay. 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 tumors that

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 supetior 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 stercotactic
radiotherapy for stage I NSCLC. The tole of proton ther-
apy versus carbon-ion therapy should be clarified in fucure
studies. Optimal doses and fractionation schedules should
be further investigated. It should also be clarified 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
sharapy using a noncoplanar beam arrangement should be
established in the near future.

CONFLICT OF INTEREST DISCLOSURES

This work was supported by Grants-in-Aid for Sciencific
Research from the Japanese Ministry of Educadon, Culture,
Sports, Science, and Technology.

REFERENCES

1. Asamura T, Goya T, Koshiishi Y, et al. A Japanese Lung
Cancer Registry study: prognosis of 13,010 resccred lung
cancers, | Therae Oncol. 2008;3:46-52.

2484

10.

11,

12,

13.

14,

15.

16.

17.

18.

19.

. Onishi H, Shirato H, Nagzta Y, et al. Hypofractionated ste-

reotactic radiotherapy (HypoFXSRT) for stage I non-small
cell fung cancer: updated results of 257 patients in a Japanese
multi-institutional study, J Therac Onesl.2007;2:594-S100,

. Takeda A, Sanuki N, Kunieda E, et al. Stereotactic body

radiotherapy for primary lung cancer at & dose of 50 Gy
total in 5 fractions to the periphery of the planning target
volume caleulated using a superposition algorithm. fnr J
Radiat Oncol Biol Phys. 2009;73:442-448.

. Haasbeelr CJ, Lagerwaard FJ, de Jacper K, Slorman B],

Senman 5, Qutcomes of stereotactic radiotherapy for a new

clinical stage 1 hung cancer arising postpneumonectomy.
Cancer. 2009;115:587-594.

. Hof H, Muenter M, Oetzel D, Hoess A, Debus ], Herfarch
K. Stereotactic single-dose radiotherapy (radiosurgery) of

early stage nonsmall-cell lung cancer (NSCLC). Cameer.
2007;110:148-155.

. Zimmermann FB, Bamberg M, Molls M, Jeremic B. Radia-

ton therapy alone in early stage non-small cell lung cancer.
Semin Surg Oncol, 2003;21:91-97.

. Zimmermann FB, Geinitz H, Schill S, er al. Stereotactic

hypofractionated radiodherapy for stage I non-small-cell lung
cancer. Lung Cancer. 2005;48:107-114.

. Suit H, Goldberg S, Niemierko A, et al. Proton beams to

replace photor. beams in radical dose treauments, Acta Oncol.

2003;42:800-808.
. Lee CH, Tait D, Nahum AE, Webb 5. Comparison of pro-

ton therapy and cenformal X-ray therapy in non-small cell
lung cancer (NSCLC). Br J Radiol. 1999;72:1078-1084.
Ando X, Koike S, Uzawa A, et al. Biological gain of car-
bon-ion radiotherapy for che early response of twmer growth
delay and against early response of skin reaction in mice.
J Radiat Res. 2005;46:51-57.

Hishikawa ¥, Oda Y, Mayahara H, et al. Statas of the dini-
cal work at Hyogo. Radiother Oncol.2004;73:538-540.
Mayahara I, Oda Y, Kawaguchi A, et a. A case of hepato-
cellular carcinoma initially treated by carban ions, followed
by protons for marginal recursence with portal thrombus.
Radiar Med. 2005;23:513-319.

Mayahara H, Murakami M, Kagawa K, et al. Acute morbid-
ity of proton therapy for prostate cancer: the Hyogo lon
Beamn Medical Center experience. fnt J Radiat Oneal Biol
Phys. 2007;69:434-443.

Demize Y, Murakami M, Miyawaki D, et al. Analysis of
vision loss caused by radiation-induced optic neuroparhy af-
ter particie therapy for head-and-neck and skull-base tumors
adjacent to optic nerves. fmr [ Radiar Oncol Biol Phys.
2009;75:1487-1492.

Nihei K, Ogino T, Ishikura 5, Nishimura H. High-dose
protor: beam therapy for stage I non-small-cell fung cancer.
Int | Radiat Oncol Biol Phys. 2006;65:107-111,

Hata M, Tokuuye K, Kagei K, et al. Hypofractionated
high-dose proton beam therapy for stage 1 non-small-cell
lung cancer: preliminary results of a phase I/IT clinical study.
Int ] Radiat Oncol Biol Phys. 2007;68:786-793. .
Miyamoto T, Baba M, Sugane T, et al. Carbon ion radiother-
apy for stage I non-small cell lung cancer using a regimen of 4
fractions during 1 week. J Thorac Oncol 2007,2:916-926.
Minohara S, Kanzi T, Endo M, Noda K, Kanazawa M, Re-
spiratory gated irrzdiation system for heavy-ion radiother-
apy. Int ] Radiat Oncol Biol Phys. 2000:47:1097-1103.
Kagawa K, Murakami M, Hishikawa Y, et al. Preclinical bi-

olegical assessment of proton and carbon jon. beams at

Cancer May 15, 2010



Particle Therapy for Early Lung Cancer/lwata et al

20,

2L
22,

23.

24,

25,

26.

27.

28.

29,

Cancer

Hyogo lon Beam Medical Center. Fnt J Radiat Oneol Biol
Phys. 2002;54:928-938.

Miller AB, Hoogstraten B, Staquet M, Winkder A. Report-
ing results of cancer treatment. Cancer, 1981;47:207-214.
Georg D, Hillbrand M, Stock M, Dieckmann K, Poteer R.
Can protons improve SBRT for lung lesions? Dosimetric
considerations. Radiother Oncol. 2008;88:368-375.
Engdsman M, Kooy HM. Target volume dose considera-
tions in proton beam treatment planning for lung tumors.
Med Phys. 2005;32:3549-3557.

Arvidson NB, Mchta MP, Tome WA. Dose coverage
beyond the gross tunor volume for varicus stereotactic body
radiotherapy planning techniques reporting . similar control
rates for stage I non-small-cell lung cancer. Jur J Radiar
Oncol Biol Phys. 2008;72:1597-1603.

Nagata Y, Takayama K, Matsuo Y, et al. Clinical purcomes of
a phase I/1I study of 48 Gy of stercotactic bedy radiotherapy
in 4 fracdons for primary lung cancer using a stereotactic
body frame. fnt J Radiar Oncel Biol Phys. 2005563:1427-1431.
Kanai T, Matsufuji N, Miyamoto T, et al. Fxamination of
GyE system for HIMAC carbon therapy. Int J Radiar Oncol
Biol Phys. 2006;64:650-656. -

Koike S, Ande K, Uzawa A, et al. Significance of fractio-
nated irradiation for the biological therapeutic gain of car-
bon ions. Radiat Pror Dosimetry. 2002;99:405-408.

Kraft G. The radiobiological and physical basis for radio-
therapy with protons and heavier ions. Strablenther Onkol.
1990;166:10-13.

Shibamote Y, Tke O, Mizuno H, Fukuse T, Hitomi S,
Takabashi M. Proliferative activity and mictonucleus fre-
quency after radiation of lung cancer colls as assessed by the
cytokinesis-block method and their relationship to dlinical
outcome. Clin Cancer Res. 1998;4:677-682.

Mizoe JE, Tsujil H, Kamada T, et al. Dose escaladon study
of carbon ion radiotherapy for locally advanced head-and-
neck cancer. Jnr [ Radiat Oncol Biol Phys. 2004;60:338-364.

May 15, 2010

30.

31.

32.

33.

34.
35.
36.

37.

38.

Mutakami M, Demizu Y, Niwa Y, et al. Current Status of
the HIBMC, Providing Partide Beam Radiadon Therapy
for More Than 2,600 Patients, and the Prospects of Laser-
Driven Proton Radiotherapy. In: Dassel O, Schlegel WC,
eds. WC 2009, IFMBE Proceedings, vol 25. Berlin:
Springer Bedin Heidelberg, 2009:878-882.

Iwata H, Shibamoto Y, Mutaz R, et al. Esimation of
crrors associated with the use of the linear-quadratic formal-
ism for evaluation of biclogical equivalence between single
and hypofractionared radiation doses: an in vitro swdy. fni

] Radiat Oncel Biol Phys. 2009;75:482-488.

Miyamoto 'T', Baba M, Yamamote N, et al. Curative treat-
ment of stage [ non-small-cell lung cancer with carbon ion
bearns using a hypofactionated regimen. Ins J Radiar Oncol
Biol Phys. 2007;67:750-758.

Bush DA, Slater JD, Shin BB, Check G, Miller DW, Slater
JM. Hypefractionated proton beam radiotherapy for stage I
lung cancer. Chesz. 2004;126:1198-1203.

Baumann P, Nyman J, Hoyer M, et al. Outcome in a pro-
spective phase IT wial of medically inoperable stage I non-
small-cell lung cancer patients treared with stercotactic bady
radiotherapy. J Clin Oncol. 2009;27:3290-32.96.
Timmerman R, McGarry R, Yiannoutsos C, et al. Excessive
toxicity when treating central tumors in a phase II study of
stereotactic body radiation therapy for medically inoperable
carly-stage lung cancer. J Clin Oncol. 2006;24:4833-4839.
Milano MT, Constine LS, Okunieff P. Normal tissue toxic-
ity afeer small field hypofractionared stereotactic body radia-
tion. Radiar Oncol2008;3:36.

Kancmatsu N, Akagi T, Takatani Y, Yonai §, Sakamoro H,
Yamashita H. Extended collimator model for pencil-beam
dose calculation in proton radiotherapy. Phys Med Diol
2006;51:4807-4817.

Kanemats N, Yonai S, Ishizaki A, Torikoshi M. Computationd
modeling of beam-customization devices for heavy-charged-par-
ticle radiotherapy. Phys Med Biol 2008;53:3113-3127.

2485


KKRVN
楕円


e — 3

2 4.

(Bl #%)

SEER 2 — 3

1. 19

B HRIBROBRAXMDRICET IBEOREDE LY

AABRRER S AFHRIBRT Nhy 7 ZRSVRIER

<Bh R >

1. BAOBTRIEE | BROFEO TR & B AR (Proton Therapy of Cancer :
Potential clinical advantages and cost-effectiveness) .
VY RI2T 4R, el 2ABH%EFT Lundkvist J, et al. Karolinska Institutet,
Stockholm.
Acta Oncologica 2005; 44 : 850 -861.;

[ZE]

BRI, B OHEBERICIE LT, £ < OB ABEITK U CERRIITEALME 2 f it
FT20H LRy, Lol BB TR IAHIRR OB AR BT DI, BRI HR e 03l w
BRIBRE D b, LIzdo T EFRRDIRDN, SERBEMICAE S E 203 BEETH D,
i, AR ; A3, RISZIRE ., SESEE, N ERESFIEICB L <. BRI 21T -
o /a7 e a—R— o2 lb—y g VETAEZETNENOEREICS L TEY . B IEE
EEMINTZEEOERE I 2L —va Lz, aAME EFROBICE L CGRE L-AGE
B(QALYs: ERHEAFE) 2 EFHIIEE & Lo, R E LT, Bk, @) 27 71—
TEBERSEZET, BHICARAIDRENGEOND Z ERN RSN, ERRAFEONAICE LT, BT
IR TR LD 1 QALY & 729 O FE¥I%E F(cost-effectiveness ratio) i, £ 10130 =— v TH -
7oo AT, FHID QALY 28 55000 = — w72 L35 & — B R IR MR TR 5 L RE LTz
925 4 D 4 FED IS AUFRE DIEFRIC L - T AEMIC 2.08 T = — 11 (QALY Ol — &)
DEFRBFRERF DD, 1o T, ZOZ &, BT RIGHREE~OEEIL, BAXIERNEN
TEEFREBL TS, LML, T2 RBRENICEDREDRIERINH LD T, ZOREFRIE
AR L TR S 2T brn,




SCHR 1

AU T, BRI T Y A7 MR T L T2,

KA QALY AHICTHWEAEREO A M EHMEDOET L, BLOB FHIAIKE X #
1BIROARXT Y A7 7R, WEOILE GEIY H ST, FLr, Ao, SASHER ., SRR

HAH PERDOXBHE | = R R (€) S AE | FE%F Y R 7 *RE*
JETDY R R | X BBFEE21LE LSS
DT TDY 2 7)
LI
R P DR ER N 43%! WAL 6466, KA | 10% 0.24
LI 616 *
DO & SR EIENN | 27% ! HIFERE 4265, RFE | 20% 0.24
JE LI 796"
TR il 2% 14%* 1706* 0.04
BT g
IS Ay BE E A 2.5% (15 4F 0.8
fil)
O UL SO R o s 14%* 105.2% T%* 0.6
B R G e 4%* 1774.9% 7%* 0.6
R Bl BRI PR A B | 9% 249.9% 7%* 0.6
ORI R AR E | 0.56% ™ 571.3* 7%* 0.6
SHSAR
WAL R 16%(8 4-[H) 0.76
sk ok sk ok ok
ML E HHEE 1608.7, IR4E
FELIRE 271.7
e i
TR VORI X A FE | 0.11%*F 0.48
[
UM <AL K] 5E 0.056%* * 0.77
FEHIET 13% 5054* 18% 0.12
IQ &~ 4.25 #. 2448% ** 0.12
FROR ISR IR T 33% 114*% 10% 0.12
R AR 18.7% 19 ¥ T 13478, | 20% 0.12
ZF D% 1348% **
B HIFRE 2.4% 50 kLA 363 *** | 2% 0.12
AR AN 0.32% 19565* 0.12

1. —fR AL DR, DEBOY A7 I TMSRIEESE 1 OFELUBOATEY X7,
*1EREHDVILLEDH

1 ESRE, 2EE 10~20 FERH]
EE L, EEICIEY

A BRI S X RRTRIER
ARSI, MR EEERI E,



K1 B, B & IR X BAHE & DL

Ly ! IS THSHHE 1 2 B
FERTERE 300 300 300 25 925
ANER* 5920.0 7952.6 3887.2 -23646.5
A QALY * 0.1726 0.297 1.02 0.683
# HIQALY 34290 26776 3811 2 FHHI
B MEE ** | 1.8M 2.4M 1.2M -0.6M 4.7TM
QAL =** | 51.8 89.1 306.0 17.1 464.0

1. DREDY A7 RN@EmWTIV—T"% 165 LT L RE,
*

BE-NDTZY | BRI —

RO EMBFEINTZREBEICH LT,

TESk X BB,




2. INRBESFE OB THRIRR OB AR (Cost-effectiveness of proton radiation in the
treatment of childhood medulloblstoma), Lundkvist J, et al. Karolinska Institutet,

Stockholm. Cancer 103; 793-801, 2005

El=g=NR
H 5.

7wt TN D, B RRIRIRIL.
HbH—FH., aAMNREL D, ZOWFIRIE.

D XBHIERDOE MR ROLET 52 L2 BRYE LT,

FE a7y o b— g VETILEE o TR OS5 2 51 L 7=,
WL BEART, AEEIK T, FRIREERRIK T, RE R LT VK
DR, IR A EZFERESHED Y 27 B35 5, BEIT. LY A7

JE D B 2 REBles LT,

T, EHLERE,

=4J=)

s JL

D BRI IR R R CHERMEZ 5D TV L, Z< OBFENBBIEED U X
TERDBEIE D bEEFEFRO Y X7 25 % A REMED
/NROBEIFIEDTEIRIZ I T 2 B F#iniE & ek

5 ik DHEF

HdH Y EE O, JEEEIICK D5, TERBEE DRI L D5, TRRBIE RS X
D, MOIRRBEEIED U R 7 ZNV—TIC S NTe, TTNAVNONRT A —F —IREDT=DH
IR L E =2 — ST,

fi e 1 BTV L RS TIEBNCEE T M TiE. B rRaiE. 23600 = — O F AHIEIC 72
v, BEHZV QALY(Quality-adjusted life-years,QOL B i A 1F4E) AN 0.68 IER 5 Z &
Noinoto, fRHTE. 1Q KT EER/LE MR TOWRD N, R —FRE < HIRL,
BRAXZIRICE > TEETHDL Z EBNRINT,

FEGE B TARERRIL, ANEREEFIEOIERICI W T, MURBRERRE T L2 LIk o T, fE
RO BEIFEF AT, BRI RMEN ., BEAEIREIR b HD 2 LavREnT, LarL,
RHVEGFOMFRIT D72 < BESBIEROEMNAEICRET 5 S b2 5 HEWRINENLETH 5,

WHER2  FA. HBE 100 A7 OGRS RA EES

B HERT FOR R | B B £% | BRE AV | FEESERY | EAERY
REAX T i FURRE | ZRDBA | B

ek D X BRI | 11.9 16.3 0.4 17.1 1.2 1.91

RS 1.4 2.7 0.1 2.0 0.7 0.38

7 10.5 13.6 0.3 15.1 0.5 1.53

*MEOWEN S, BILO QOL 3B FHraHRK CUENHIFF TE 5 100 AM720 D AHL,

Wik2 R B. bROBSFIEL G & UCHE LB LR

I B F- BRI TEH D HUR IR 7

st RRiaEE A (6) | 10217.9 4239.1 5978.8
RIVE R 2 HI(€) 4231.8 33857.1 —29625.3
wEHH (€) 14449.7 38096.2 —23646.5
LYG 13.866 13.600 0.266

4




QALY 12.778 12.095 0.683

LYG: AfFfEHOERE 5 QALY AiF0E (QOL) EiiH A (F4E

* ZNENDOFELUSITRT AN, AEON LD EBEDOERNETIC LD EEEOKT %2
BT D& BFRIBRDOIE ) B EMNRGENLTWD Z Li3bnoT,

k — OO FRUAE A S, BEIFIES T Thifk 2 MERF T 272901213, FEM 1 1 0 FlofiHFIE A G
BT LOMENRD D,

* LU, RICHEZFIETS T ORI CHiGEHEREDS R AlRE CTdh - T, & AHiKI(cost-saving) 272 & 72
<Th, B HIGHIEI O 2Nk R R DMEAL T S (cost-effective),
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e FH A8 AR HHDE (€) A=
BARD = -23646.5 0.683
ACEESIEY 5978.8

HIREFEEUE T -12206.9

HERT -2735.5 0.057

R ARLVE AR R -14263.2 0.367

FR IR REA -202.0 0.009
HHL X HIE -18.3 0.001
BB + FEBSER) IR A | 95.6 0.021

D EIEI A G - 0.230
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A figx - HiHh FEMT RIS EL | W ES A
BEE (%)
X Ribi, eta al. 51 31 (61%)

Zurich University
Neuropediarics, 2005, 36 (6), 357-65

Xk Yasuda, et al. 16 8 (50%)
AbiEE K+
Jpn J Clin Oncol, 38(7), 486-492

Bt | Yock et al. 59 17 (29%)

Massachusetts General Hospital
ASCO Proceedings, 2010
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CHR 3. ERBERICHT BIREBA A VB EIEE OB x5 R (Cost-effectiveness of carbon
ion radiation therapy for local recurrent rectal cancer)

ENTFR, OKRE, WWH, 8, 1EF.  BERE. WEM

Mobaraki A, Ohno T, Yamada S, Sakurai H, Nakano T.

Gunma University & NIRS

Cancer Science 101: 1834 — 1839, 2010.

[FEE] 2. BRIEE, REgisE, BEBE. mMeRiE, 60HE. ABICE L T~ 0B 2
SAIZHOWTHR, BT, ERGONE OJRFEE O U THRIGHFIN O - 217V i H AN RE
DEBHEFEEZEZ LTS, RRITRFRIBRED D0IE, 3 RITIIR IS + b5 iR IE
DU ZIT T2, 2HFAEFRIT, KRBT 5%, (LFHHAMBIER TS 5% Tholo, FHH
FNT, RFWIEHITA48053946H, WEKIRHIIET461H1100HTHo7, RFEM
® incremental cost-effectiveness ratio ICER)Z {2 & 1 % DAFFMEMFFT HDI26
4 2 SMOEIMTH -7, BHEABHFITKFEIR TS 7 A, ALFHEBIGHETE 6 A ThH o7,
RBEFIERT, BRI DR OB TIER G 1ETH D L ibmm Sz,

SCHR 3. K. JRETIE IR P~ DO TERALF R EHRE & Eh - RIE W D345 8 2 At
n g 5| EE SE | BAEAE | SERET | BEFEIC | BN AES | 1% EFRE

gl
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1% (I € S S [ = S R PR < 6 = S O\ MH=Y o
" (%) (%) (¥ ICER(¥) | ICER(¥)

ekt | Willet et | 1991 | 30 | 27 38 1752218 | 10424 12205
L al

Bussierse | 1996 | 73 | 31 29 1337219 | 20300 16343

setal

Valentini | 1999 | 47 | 22 31 1429441 | 16769 9271

et al.

Wing et al | 2000 | 107 | 30 50 2305550 | 6323 15066
) 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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