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Preface

In recent years, there has been a significant increase of interest worldwide in charged particle therapy
with protons and carbon ions, which allows a unique precision in delivering a sufficient dose to the target
volume while sparing the surrounding normal tissues. Thereby, a significant improvement of local control
and survival has been achieved in various types of tumors.

The use of charged particles for radiotherapy was first proposed by R. Wilson in 1946. Since then, more
than 70,000 patients have been treated with charged particles in the world, while most of them were
delivered with proton beams. Currently, there are about 26 operating facilities for proton therapy, and
carbon ion radiotherapy is provided at 4 facilities including the NIRS and IMP. Still more are under
construction or planning and over a dozen new facilities will be built within a next decade; most of them
are based on university hospitals or cancer centers that have long-standing experiences in modern photon
radiotherapy.

Carbon ion radiotherapy has been pioneered at the Institute of Modern Physics (IMP), which is affiliated
with the Chinese Academy of Sciences (CAS) and located in Lanzhou. They have high-energy accelerator
complex, which is being used for nuclear physics, heavy-ion accelerator, and heavy-ion application.

A large part of the machine time is devoted to, nuclear physics, application and cancer therapy with heavy-
ion beams like °C. In the new Heavy-Ion Cancer Therapy Center, which is run in collaboration with local
hospitals more than hundred patients with shallow-seated tumours and a small number of patients with
deep-seated tumours have been treated, as well as hypofractionated radiotherapy has been extensively
carried out. ,

At the National Institute of Radiological Sciences (NIRS) of Chiba, Japan, clinical study on carbon ion
radiotherapy was begun in 1994 using the Heavy lon Medical Accelerator in Chiba (HIMAC). The
HIMAC is the world’s first heavy ion accelerator complex dedicated to cancer therapy. Since then it has
been the leading center for clinical and research activities of carbon ion radiotherapy and more than 4,500
patients with a variety of tumors have been treated to date. It has been feasible to treat non-squamous cell
type of tumors, and to complete the treatment in a short time with small number of fractions.

This NIRS-IMP joint meeting has been organized with the goal of contributing to the wide distribution
of advanced medical, physical and radiobiological knowledges and experiences on carbon ion radiotherapy.
We believe that a large number of radiation oncologists, medical physicists and cancer specialists could
benefit from this meeting in terms of education, exchange of ideas, and debates on the indications and
applications of charged particle radiotherapy. A major goal of this Symposium is also directed to the
consolidation of Japan-China collaboration in teaching, research and clinical activities, in the framework of
further joint initiatives in development of charged particle radiotherapy.

- We are greatly looking forward to having a mutual discussion with you all.

H. Tsuyjii, Chiba
G. Xiao, Lanzhou



Current Status and Future Plan of Particle Radiotherapy in Japan

Hirohiko Tsujii, M.D.

National Institute of Radiological Sciences, Chiba, JAPAN
e-mail address: Tsujii@nirs.gojp

Charged particle beams denoted here as protons and carbon ions share the beneficial property of superior
physical dose distribution (Bragg peak curve). In addition, carbon ions have a higher RBE compared with protons
or photons. At present, there are a total of 7 facilities in operation for charged particle therapy in Japan (Fig.1).
These include the National Institute of Radiological Sciences (NIRS: carbon ions), Tsukuba University (PMRC:
protons), National Cancer Center East (NCCE: protons), Hyogo Ion Beam Medical Center (HIBMC: protons and
carbon ions), Wakasa-Wan Energy Research Center (protons), and Shizuoka Cancer Center (protons), and
Minami-Tohoku Proton Center (protons). Specifications of these facilities are described in Table 1.

There are three more facilities under construction. Two facilities for proton RT are being built at Fukui
Prefecture and Ibusuki in Kagoshima, where commercially available accelerators will be installed. At Gunma
University, a new carbon facility is almost completed. It was originally developed by the physics group of NIRS
and is about one-third of the HIMAC in terms of the total cost and size.

Charged particle therapy had been long performed as a clinical research. However, the Japanese government has
recently approved it as an Advanced Medical Technology, which has enabled us to charge the fee to the patient.
More recently we have established the Japan Clinical Study Group of Particle Therapy (JCPT) for the purpose of
advancing the practice of particle therapy by individuals who are interested in charged particle therapy. As an
activity for comparing clinical efficacy of different modalities, we have designed protocols to be shared by
facilities for both proton and carbon beam treatment.

® Carbon, in operaiton N
o Carbon, under construction National Cancer Center East
® Proton, in operaton =
@ Proton, under construction | Gunma University
2 : %To start in 2009
| Fukui Proton Center |
! %*To start in 2010 AN @ U
South-Tohoku
) Wakasa Bay Proton Center !
+ | Energy Center oeyanadindond ;|
»
? e Hyogo Particle 2
b5 Therapy Center TatStage to83)
Tsukuba Univ.
(PMRC)
NIRS

Res Cent Charg Part Ther

Shizuoka Cancer
Center

Fig.1 Charged particle therapy facilities in Japan.

There are 7 facilities in operation and 3 facilities under construction



Table 1

Specifications of particle therapy facilities in operation in Japan

NIRS NCCHE | HIBMC | PMRC SCC WWERC | Minami
Chiba Kashiwa Hyogo Tsukuba | Shizuoka Tsuruga | Touhoku
C C
Particle (p~Xe) P P P P P P
Rx Start 1994 1998 2001 2001 2003 2002 2008
Main Synchro | Cyclo | Synchro | Synchro | Synchro | Synchro | Synchro
Accelerator D~40mx2 | D-~4m D~30m D~7m D~6m D~10m D~6m
Max Energy 800 P: 230
(MeV/u) (ym=1/2) e C:320 i _ s -
Hori-
zontal C:2port |p:1port| C:1port - p : 1 port - p : 1 port
Bea_m Vertical | C: 2 port - C:1port - - p: 1 port -
Delivery
B 45° . . C:1port - - - -
Rot. . . . . - .
Gatry - pP:2port| p:2port | p:2port | p:2port p : 2 port
Research | p~Xe:5 - p:1port | p:2port - p:1port -




Overview of Carbon Ion Radiotherapy at NIRS

Hirohiko Tsujii

National Institute of Radiological Sciences, Chiba, Japan
e-mail: tsujii@nirs.gojp

Abstract

In June 1994, the world-first clinical center offering carbon ion radiotherapy (C-ion RT) was set to open in at
NIRS, Japan. Among several types of ion species, carbon ions were chosen for cancer therapy because they
were judged to have the most optimal properties in terms of superior physical and biological characteristics.
As of March 2009, a total of 4,504 patients have been registered for C-ion RT. Clinical results have shown
that C-ion RT has the potential ability to provide a sufficient dose to the tumor, together with acceptable
morbidity in the surrounding normal tissues. Tumors that appear to respond favorably to carbon ions include
locally advanced tumors as well as those with histologically non-squamous cell types of tumors such as
adenocarcinoma, adenoid cystic carcinoma, malignant melanoma, hepatoma, and bone/soft tissue sarcoma. By
taking advantage of the unique properties of carbon ions, treatment with small fractions within a short treatment
period has been successfully carried out for a variety of tumors. This means that the facility can be operated more
efficiently in carbon ion therapy, offering treatment for a larger number of patients than is possible with other
modalities over the same period of time.

Introduction

The structural survey of JASTRO has demonstrated that the number of cancer patients undergoing
radiotherapy (RT) has increased to a total of 150,000, an equivalent to roughly 28% of all cancer patients in
Japan, with forecasts that this number will continue to rise in the future (1). In recent years, the scope of diseases
that can be treated with RT has significantly widened in the wake of the diffusion of high precision RT such as
stereotactic RT (SRT), intensity-modulated RT (IMRT) and particle beam RT. These approaches permit
administration of a curative dose to the tumor with sparing normal tissues. In this regard, charged particles like
protons and carbon ions have come to be clinically effective since R. Wilson first proposed their clinical
application in 1946 (2). In the early 1950s, the clinical use of proton beams was initiated at the Lawrence
Berkeley National Laboratory (LBNL), paving the way for heavy ion RT starting at the same facility in the
1970s (3, 4). At present, particle beam RT is provided at over 30 facilities worldwide, and still many more are
under construction or in the planning stage. »

In Japan, the decision was made in 1984 to build the Heavy Ion Medical Accelerator in Chiba (HIMAC) at the
National Institute of Radiological Sciences (NIRS) as an integral part of the nation’s “Overall Ten-year
Anti-Cancer Strategy”. The accelerator complex took almost a decade to build, being completed by the end of
1993 (Fig. 1). A year later, clinical study with carbon ions for cancer therapy was initiated. Similar to the proton
accelerator built at the Loma Linda University in 1990 as the first proton beam accelerator put primarily into
therapeutic service, HIMAC can claim to be the world’s first facility dedicated to cancer therapy using carbon
ion beams. HIMAC has also been operated as a multipurpose facility available for joint use for both cancer
treatment and biological, physical research.

This article reviews the clinical aspects of C-ion RT over the last decade at NIRS.



» e
R ™ Research

_building |

ST

" Molecular- -
= Imaging
~ building

Fig. 1. The HIMAC facility at NIRS.

Characteristics of Carbon Ion Beams

Unlike X-rays, which deposit most of their energy near the skin surface, carbon ion beams are more effective
in deeper tissues. The particles release the bulk of their energy as they slow down in the last few millimeters of
their track, a point called the Bragg peak. The beams also scatter very little, allowing the maximum radiation
dose to be precisely targeted to the tumor, thus minimizing damage to surrounding healthy tissues.

Carbon ions also cause a different type of cellular damage from protons and photons, delivering a larger mean
energy per unit length (Linear Energy Transfer: LET) of their trajectory in the body (5-7). Carbon ions directly
cleave double-stranded DNA at multiple sites even at the low oxygen content, so they can tackle hypoxic parts
of tumors that are resistant to RT. As a result, carbon ion beams are described as a high-LET radiation similarly
to neutron beams. However, in contrast to neutron beams, whose LET remains uniform at any depth in the body,
the LET of carbon ion beams increases steadily from the point of incidence in the body with increasing depth to
reach a maximum in the peak region (Fig.2). This property is extremely advantageous from a therapeutic
viewpoint in terms of increased biological effect on the tumor. The reason is that carbon ion beams form a large
peak in the body, as the physical dose and consequently their biological effectiveness increase as they advance
to the more deep-lying parts of the body. This has opened up the promising potential of their highly effective use
in the treatment of intractable cancers that are resistant to photon beams.
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Charged particles have well-localized energy deposition at the end of the beam path, called
the Bragg peak, resulting in excellent dose distribution. The ratio of peak to plateau (a/b) of
RBE for carbon ion beams is greater than for proton beams, which is one of the reasons why
carbon ion beams have more excellent dose distribution than proton beams.

Carbon Ion Radiotherapy at NIRS
1. Organization for performance of C-ion RT

Consistent efforts have been made from the start to provide C-ion RT on an ethically and scientifically sound
basis under the investigative control of Committees headed by the Carbon Ion Radiotherapy Network Committee
as the supreme organ. All clinical protocols have been prepared by the Disease-specific Committees, checked by
the Ethical Committee, and finally approved by the Network Committee. The Review Committee is appointed to
deliberate on the validity of whether individual clinical trials should be continued, and the results of all clinical
trials are submitted to the Network Committee whose sessions are invariably held in public.

In November 2003, the Ministry of Health, Labour and Welfare in Japan approved C-ion RT as “Highly
Advanced Medical Technology (HAMT)” under the title of “C-ion RT for Solid Cancer”. HAMT is designed to
respond to the development of new medical technologies and to meet the diversifying needs for advanced
treatment. It permits Specific Medical Institutions under the National Health Insurance System to offer advanced
medical treatment, thereby enabling them to practice both general and advanced medical treatment within the
National Health Insurance System. Under this scheme, care providers are able to charge their patients a special
fee for advanced treatment in addition to the ordinary personal share of the medical fee payable by the patient
himself under the National Health Insurance System. The treatment fees for HAMT were calculated on the basis
of the incidental cost factors, including the construction costs of HIMAC, personnel costs, costs for the materials
used for treatment, accelerator operating costs (water, electricity, lighting, etc.) and the expenditures for

maintenance and management of running the facility.

2. Patients and treatment techniques
1) Patient characteristics

C-ion RT at NIRS was initiated in June 1994. Up to the present, more than 50 protocols have been
established, and phase I/Il and II trials have been conducted in an attempt to determine the optimal
dose-fractionations and irradiation techniques for each specific tumor (8-11). The number of patients has
increased year-by-year, and the facility has meanwhile reached a capacity permitting more than 700 cases to be
treated each year (Fig. 3). The registration of patients has reached a total of 4,504 as of March 2009 (Fig. 4). The



categories of disease which can be treated in the HAMT scheme include skull base tumor, head and neck cancer,
lung cancer, prostate cancer, bone and soft-tissue sarcoma, liver cancer, pelvic recurrences of rectal cancer, and

uveal melanoma.

No. 684
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Treatment: 4 days per week
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Fig.3
Annual number of patients treated with carbon ion radiotherapy at NIRS (0994.6.21 —2009.3.1).
Dark bars indicate the patients treated under HAMT, and the light bars the patients treated in clinical trials.
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Fig. 4
Distribution of tumor sites treated with carbon ion RT from June 21, 1994 to March 1, 2009.

2) Irradiation techniques
When the patient is referred to our institute, a preliminary screening process takes place to determine whether
or not the particular patient is eligible for C-ion RT under any of the disease-specific protocols. This requires



close coordination and consultation with the referring physician. When the decision has been reached that the
criteria for patient eligibility are met, the patient is provided with detailed explanations about the possible side
effects of treatment and the prospect of the therapeutic outcome in order to obtain the patient’s informed
consent. The signed consent form is then submitted to the Ethics Committee together with all other necessary
documentation. The Committee thereupon deliberates on patient eligibility, and the preparatory steps for
treatment will not be initiated until the Committee’s approval has been granted.

The first preparatory step to ensure the proper administration of C-ion RT is the fabrication of an
immobilizing device for each individual patient. A CT scan for treatment planning is then taken with the patient
wearing the immobilizing device (Fig. 5). If the patient requires respiration-synchronized irradiation, the
respiration synchronizing system must also be applied at the time of this CT scan (12). The CT image data
obtained in this manner are then transferred to the treatment planning system known as HIPLAN (13). At this
stage, the irradiation parameters in terms of the number of irradiation portals and irradiation direction are
determined in conjunction with the localization of the target volume. Based on this, dose distribution is
calculated using HIPLAN. Once the patient-specific irradiation parameters have been determined, the next step
is to design the bolus and collimator for the selective irradiation of the tumor strictly in accordance with these
parameters.

Fig. 5
CT scans for treatment planning are performed with the patient wearing immobilization devices (a).
Control console (b).

Based on these preparations, the patient-specific irradiation parameters and dose distribution have now been
determined and the calculation results are presented to the Review Board for Treatment Planning, which
examines their appropriateness. In many instances, the outcome of these deliberations will be a review request,
and on many occasions, a complete redoing of the treatment planning may also be required. Clearly, if such
review or redo requests are made very frequently, the entire work schedule may be affected, and it is therefore
essential to examine the treatment parameters with the most meticulous care beforehand. After the irradiation
parameters applicable to a particular patient have been determined and the bolus and collimator have been
fabricated, the final preparations for therapy can now take place by measuring the radiation dose under the same
conditions as for the actual RT session and carrying out a mockup rehearsal, followed by delivery of irradiation

(Fig. 6).



Fig. 6 Treatment room

3) Dose prescription

In C-ion RT it is necessary to spread out the narrow peak to fit the target volume. Metal ridge filters are used
for producing the spread-out Bragg peak (SOBP), and the shape of the SOBP has to be designed so that the
target volume will be irradiated uniformly within the peak. The practice is to use HSG cells, which are parotid
cancer cells, as substitutes of the tumor cells, to design the dose distribution in such a manner that they will be
killed uniformly in the SOBP (14-15). The dose is indicated in GyE, a unit calculated by multiplying the
physical carbon ion dose with the RBE value so as to permit its comparison with photon beams: GyE = Physical
dose x RBE. It should be pointed out here that the RBE of the carbon ion beams used for RT is 3.0 at the distal
part of the SOBP. This value is identical to the RBE determined for the neutron beam RT previously provided at
NIRS (15).

As biological dose distribution is flat within SOBP, once the RBE values have been determined at a given
position, they are easily calculated at any position by dividing the biological dose by the physical dose. RBE of
carbon ions was estimated to be 2.0~3.0 along SOBP for acute skin reactions. As seen in Fig. 7, a clinical
dose of 2.7 Gy (E) would be given at any position within SOBP; for example, a physical dose of 0.9 Gy carbon
ions at the 8-mm upstream position would give an RBE value 0f 2.7/0.9 = 3.0, whereas 1.13 Gy at the middle of
SOBP should bring an RBE value 0of 2.7/1.13 =2 4.
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Fig. 7
.Experimental and clinical RBE of 290 MeV/u carbon-ion beams with a 6-cm SOBP.

4) Dose fractionation

C-ion RT at NIRS is available four days a week (Tuesday through Friday). In recent years, Monday has
become available on a once-a-month basis for tumors treatable in a single fraction, and this also facilitated an
increase in the annual patient number load. HIMAC is in principle closed for therapy on weekends as well as on
Mondays, when the accelerator is subjected to maintenance or is used for physical and biological experiments.

The radiotherapeutic approach of our treatment has been to fix both the total number of fractions and the
overall treatment time for each tumor. In dose escalation studies, we escalated the dose in incremental steps of 5
or 10% at a time. After the recommended dose thus became established in phase I/II trials, the transition to phase
II trials was made. Supposing that a fractionation regimen of 16 fractions spread over four weeks had been
selected and that a total dose of 57.6 GyE had been increased by 5% to 60.5 GyE, this would have meant that the
dose per fraction would have been stepped up from 3.6 GyE to 3.8 GyE, in light of the fact that the irradiation
time and fraction number had been fixed. Once the recommended dose resulting from the dose escalation trial
has been decided, phase II trials or Advanced Therapy can then be initiated with this recommended dose.
In view of the unique physical and biological properties of carbon ions, it is theoretically possible to perform
hypofractionated RT consisting of only a few irradiation sessions. In contrast, experiments with neutron beams
that have the same high-LET components as carbon beams have demonstrated that increasing their fraction dose
tended to lower the RBE for both the tumor and normal tissues. In these experiments, however, RBE for normal
tissues does not decrease as rapidly as that for the tumor (16). This experimental result substantiates the previous

observation that the therapeutic ratio increases rather than decreases even though the fraction dose is increased.



Similar results have also been obtained in experiments conducted with carbon ion beams at NIRS (17,18). They
have provided biological evidence for the validity of the short-course hypofractionated regimen with C-ion RT.

5) Results of treatment by tumor type

As stated above, carbon ion beams have a therapeutically favorable biological dose distribution. Utilizing
these properties makes it possible to complete the therapy in a short time. As is seen in Table 1, progress in dose
escalation has already been made on a scale that permits the RT course for stage I lung cancer and liver cancer
to be completed in 1 or 2 irradiation sessions, respectively. Even for prostate cancer and bone and soft tissue
tumors that require a relatively prolonged irradiation time, it is possible to accomplish the treatment course with
carbon ion beams in 16 fractions over 4 weeks, only half the fraction number and time required for x-ray and
proton beam therapy. At present, the average number of fractions and the treatment time per patient is 12.5
fractions and 3 weeks, respectively. As shown in Fig. 3, the number of registered patients has been steadily
increasing year after year. Apart from the fact that the irradiation methods have been firmly established and
therapy can be administered without difficulty, this may be ascribed to the significant shortening in the number
of fractions and overall treatment time per patient.

Table 1. Dose-Froctionation employed in Carbon ion RT at NIRS
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Our experience to-date can be summed up by characterizing C-ion RT as follows: 1) By location, it is
effective in tumors of the head and neck (including the eye), the base of the skull, lung, liver, prostate, bone and
soft tissue, and pelvic recurrence of rectal cancer. 2) By pathological type, it is effective against pathologically
non-squamous cell types of tumors for which photon beams are little effective, including adenocarcinoma,
adenoid cystic carcinoma, hepatocellular carcinoma, and sarcomas (malignant melanoma, bone and soft-tissue
sarcoma, etc.). For certain cancers such as malignant melanoma of the head and neck, it was important to
develop methods for preventing distant metastasis so as to improve the survival rate still further. In this context,
C-ion RT combined with chemotherapy has been initiated. For intractable cancers such as malignant glioma,
cancer of the pancreas, uterine cancer and esophageal cancer, it is necessary to further improve therapeutic
outcomes. To this end, clinical trials are being continued.



In terms of toxic reactions (side effects), significant progress has been made, as the toxicities initially
associated with dose escalation such as ulceration and perforation of the gastrointestinal tract requiring surgery
are no longer encountered in the wake of improvements in irradiation techniques.

The details of the treatment for each tumor are described in the subsequent pages in this volume of the
Proceedings.

Summary

The promising aspect of C-ion RT for the treatment of cancer lies in its supérior biological dose distribution
that makes the carbon ion beam the best-balanced particle beam available. Thus, comparison of the ratio of RBE
in the peak region against RBE in the plateau region shows that, of all heavy ion beams, carbon ion beams have
the most favorable value. )

In the middle of 2009, C-ion RT will reach its 15th anniversary at NIRS. So far, with the support of the many
members concerned both inside and outside the Institute, a substantial amount of evidence has been accumulated
in terms of the safety and efficacy of C-ion RT for various types of malignant tumors. One of the most important
objectives in these endeavors has been to determine, in particular, the validity and limits of hypofractionated,
accelerated RT. Furthermore, at the end of 2003, the Institute was successful in obtaining approval for the Highly
Advanced Medical Technology (HAMT) from the government. This was an important landmark for widening
the scope of diseases corresponding to C-ion RT. In this manner, C-ion RT has meanwhile won for itself a solid
place in general medical practice, with the next target being that of obtaining approval for this therapy to be
included in general practice under the National Health Insurance scheme.
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Abstract

To estimate the toxicity and efficacy of the clinical trials for patients with skull base and paracervical tumors
treated with carbon ion radiotherapy.

A phase I/II dose escalation study for skull base and paracervical tumor was initiated in April 1997. The phase
VII dose escalation trial was performed up to the fourth-stage dose level. From April 2004, a phase II clinical
trial was initiated under the Highly Advanced Medical Technology scheme with an irradiation schedule of 60.8
GyE in 16 fractions over four weeks. ‘

At the time of analysis, there was no evidence of any serious acute or late reactions in skull base and
paracervical tumors. For skull base and paracervical tumor, the carbon ion dose in excess of 57.6 GyE improves

local control.

Introduction

The limiting factor for photon radiotherapy conventionally applied to the skull base and paracervical tumors is
the adjacent normal tissue, seeing that photon radiotherapy has poor local control. On the other hand, proton
radiotherapy with its superior physical-spatial distribution has provided a major improvement in local control in
view of the possibility of dose escalation. It has been pointed out, however, that in certain patient groups it is
difficult to achieve local control with proton radiotherapy even at elevated doses. It has thus been recognized
that 1) chordoma patients offer a worse prognosis than chondrosarcoma patients, 2) among chordoma patients,
the prognosis for paracervical chordoma patients is worse than for skull base chordoma, it is worse for non-
chondroid patients than for chondroid ones, and it is worse for females than for males, and 3) for meningeal
tumors, the prognosis for the atypical or malignant types is worse than for the benign type, and the prognosis for
the age group of 60 and above is poorer than for those under 60. Therefore, the high RBE of carbon ion

radiotherapy has a promising potential for these intractable skull base and paracervical tumors.



Patients and Methods

Prior to this protocol, a pilot study using 48 GyE in 16 fractions over 4 weeks with 8 patients was carried out
starting in May 1995. Then, a phase VIl clinical trial (Protocol 9601) was initiated in April 1997. Chordoma,
meningioma, chondrosaracoma and other tumors originating from the skull base or paracervical spine located
superior to the C2 vertebra were targeted. Only patients with residual tumors after surgery or with inoperable
tumors were permitted to partake in the carbon ion radiotherapy. The eligibility criteria for enrollment in this
clinical trail were the presence of histologically proven tumor, patient age ranging from 15 to 80 years, KPS of
60% or more, neurological function of grade I or II, absence of anti-cancer chemotherapy within the previous
four weeks, survival expectancy of six months or more, and no distant metastasis to other parts. In the meantime,
the carbon ion dose was escalated in successive stages: 48.0 GyE (4 patients), 52.8 GyE (6 patients), 57.6 GyE
(10 patients) and 60.8 GyE (9 patients). The phase I/II clinical trial was concluded in February 2004, and in
April 2004 a phase I clinical trial was initiated under the Highly Advanced Medical Technology scheme with an
irradiation schedule of 60.8 GyE in 16 fractions over 4 weeks. Twenty-five patients had been enrolled into this
trial up to August 2008.

Acute toxicity was assessed based on the Radiation Therapy Oncology Group (RTOG) score, late toxicity was
determined based on the RTOG / European Organisation for Research and Treatment of Cancer (EORTC) score.

Local control and overall survival rates were calculated according to the Kaplan-Meier method.

Treatment planning and Dose volume histogram analysis

The patients were positioned in customized cradles (Moldcare; Alcare, Tokyo Japan) and immobilized with a
low-temperature thermoplastic (Shellfitter; Kuraray Co, Ltd, Osaka, Japan). A set of 3 mm-thick CT images
was taken for treatment planning, Three-dimensional treatment planning was performed by the Heavy Ion Plan
software (HIPLAN). The clinical target volume (CTV) and normal structures were delineated on CT images to
permit DVHs analysis. In addition, T2 weighted and gadolinium-enhanced T1 weighted images were routinely
taken for treatment planning using the fusion technique in conjunction with a treatment planning CT. The initial
CTV (CTV1) included the gross tumor volume (GTV) and suspected subclinical lesions. A margin of 3-Smm
was usually added to the GTV to create to a small CTV (CTV2) in order to boost treatment. When the tumor
was located close to critical organs, such as the brainstem, the spinal cord, the eyeballs or optic nerve, the margin
was reduced accordingly. In treatment planning, cumulative dose volume histograms (DVHs) of the critical
normal structures and dose-surface histograms (DSHs) of the skin were calculated. DVHs and DSHs for the
following structures must be provided: cerebrums, brainstem, medullary, pons, spinal cord, optic nerves and
chiasma, eyeballs and skin. For normal tissues, the maximum dose was set as 60 GyE for the surface of the
brainstem and spinal cord, 50 GyE for the center of the brainstem and spinal cord and 55 GyE for the chiasma
and contralateral optic nerve in accordance with the protocol for the base of skull and paracervical tumors of the
Proton Radiation Oncology Group (PROG). In particular, when the both optic nerves were involved in a high
dose area, treatment planning was performed to spare the contralateral optic nerve and chiasm using our
previously criteria. These outcomes of the visual function for the patients are analyzed in progress as a

prospective study.
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Results

The 54 patients included in the analysis between May 1995 and August 2008 consisted of 25 males and 29
females. One female patient with chondrosarcoma had to be excluded because she was treated with surgery for
metastasis and her diagnosis was changed to malignant melanoma. She was treated with 57.6 GyE. The age
range of the 53 patients was from 16 to 78, with a median of 49 years. Histologically, 31 patients had chordoma,
10 chondrosarcoma, 6 malignant meningioma, 5 olfactory neuroblastoma and 1 giant cell carcinoma.

Acute reactions were of a minor nature, as 1 patient of the 48 GyE group showed a grade 3 skin reaction and 1
patient of the 57.6 GyE group showed a grade 3 mucosal reaction. A late grade 2 brain reaction was detected in 2
patients, but no other adverse reactions were discovered. At the time of analysis, there was no evidence of any
serious acute or late reactions.

The tumor effect remains mostly as stable disease (SD) within six months after carbon ion radiotherapy, and
there were in most cases no changes in tumor size during the follow-up periods. Local control was defined as
showing no evidence of tumor regrowth by MRI, CT, physical examination, or biopsy. The five-year local
control rates according to prescribed tumor dose were 75% at 48 GyE (n=4), 67% at 52.8 GyE (n=6), 78% at
57.6 GyE (n=9) and 95% at 60.8 GE (n=34) (Fig. 1). The five-year OS rates were 50% at 48 GyE, 100% at 52.8
GyE, 100% at 57.6 GyE and 79% at 60.8 GyE (Fig. 2). Four of 34 patients irradiated with a dose of 60.8 GyE
died of interrupted pneumonia, distant metastasis, hepatic failure, and marginal failure. Local tumor control was
achieved in these cases. The five-year local control (LC) rates according to histological types were 80% for
chordomas (n=31), 100% for chondrosarcomas (n=10), 80% for malignant meningiomas (n=6), and 100% for
olfactory neuroblastomas (n=5). The five-year overall survival (OS) rate was 87% for chordomas, 64% for
chondrosarcomas, 83% for malignant meningiomas, and 100% for olfactory neuroblastomas. Two of the six
malignant meningioma patients died because of distant metastasis 23 months, and local recurrence 85 months,
respectively, after carbon ion radiotherapy. This local recurrence patient had had a postoperative recurrence and

received low-dose carbon ion radiotherapy of 52.8 GyE.
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Figure 1. Local Control Curve for Skull Base Tumor (Apr 97~Aug 08) Figure 2. Overall Survival Curve for Skull Base Tumor (Apr 87~Aug 08)

The 31 chordoma patients were divided into two groups, a low-dose group (n=10) irradiated with doses
ranging from 48 to 57.8 GyE and a high-dose group (n=21) irradiated with 60.8 GyE. The five-year LC rates
were 60% for the low-dose group and 94% for the high-dose group. One patient of the high-dose group
developed marginal failure 29 months later. The five-year OS rates were 90% for the low-dose group and 87%

for the high-dose group. Two patients from the high-dose group died due to hepatic failure and marginal failure.



Figure 3 shows LC and OS curves for 21 chordomas irradiated with 60.8 GyE.
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Local Control and Overall Survival for 21 Chordomas irradiated with 60.8 GyE

Discussion

In this phase I/II clinical study for skull base and paracervical tumors, dose escalation trials were performed
up to the fourth-stage dose level. Because dose escalation is implemented after checking the reactions of the
important adjacent organs — the brain and spinal chord — the scheduled enrollment period was exceeded and
therapy was commenced under the Highly Advanced Medical Technology scheme for these patients in April
2004 with a dose fractionation regimen of 60.8 GyE in 16 fractions over 4 weeks. No tumor regression was seen
in most cases regardless of carbon ion dose. The lower dose groups (48.0 and 52.7 GyE) showed local
recurrence in two chordoma and one malignant meningioma. The third-stage dose escalation group (57.6 GyE)
showed local recurrence in two chordoma and one chondrosarcoma. The fourth-stage dose escalation group

(60.8 GyE) showed local recurrence in one chordoma.

Conclusion

The carbon ion dose in excess of 57.6 GyE improves local control. Additionally, we did not observe severe
toxicity to critical organs such as the brainstem, spinal cord and optic nerves. From April 2004, carbon ion
radiotherapy was initiated under the Highly Advanced Medical Technology scheme with an irradiation schedule
of 60.8 GyE in 16 fractions over 4 weeks.

High LET charged particles such as carbon ions have excellent dose localizing properties, and this potentiality
can cause severe damage to the tumor while lessening the effects on normal tissue. When the tumor was located
close to critical organs, delineation of the CTV was done with efforts to spare them. In particular, when both
optic nerves were involved in the high-dose area, treatment planning was performed to spare the contralateral
optic nerve and chiasm according to our previous dose criteria. For tumors close to the brainstem and spinal cord,
we recommend surgical resection to create a space between the tumor and brainstem or spinal cord before
carbon ion radiotherapy. This allows the prevention of severe toxicity to the brainstem and spinal cord. Tumors
such as chordoma can thus only be judged on the results of long-term prognosis. Consequently, it will take more
time to reach a definitive conclusion. It is clear that carbon ion radiotherapy compared with photon or other
charged particle radiotherapy will deliver a high local control rates with low toxicity to the surrounding normal

tissues.



Case Description

Postoperative recurrence of chordoma in the left parapharyngeal space (Fig. 4): Female, 63 year. Sixty-six
months have elapsed since carbon ion radiotherapy by a regimen of 52.8 GyE in 16 fractions over 4 weeks. The

tumor has virtually disappeared and the post-treatment course remains favorable, with no evidence of tumor
recurrence.

Pre c-ion RT Dose distribution Post 66 months

Figure 4. Postoperative Recurrence of Chordoma in the Left Parapharyngeal Space
treated with Carbon lon Radiotherapy

Images of T2-weighted MR before carbon ion radiotherapy, isodose distribution,
and 66 months later. The dose delivered to the clinical target volume was 52.8 GyE in
16 fractions over 4 weeks.

Isodose level: red = 96%; orange = 90%; green = 50%; cyan = 30%,; purple = 10%.
Contour: yellow = clinical target volume.
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Introduction

Clinical trial with carbon ion radiotherapy for the head and neck tumors was conducted under “the Phase I/II
Clinical Trial (Protocol 9301) on Heavy Particle Radiotherapy for Malignant Head and Neck Tumors”, that was
initiated in June 1994 by way of a dose escalation study on a fractionation method of 18 fractions over 6 weeks.
This trial was followed by a next dose fractionation and dose escalation study commenced in June 1996 under
“the Phase I/Il Clinical Trial (Protocol 9504) on Heavy Particle Radiotherapy for Malignant Head and Neck
Tumors” using a fractionation method of 16 fractions over 4 weeks. The results of these two trials were
published in 1994 [1]. Following the outcome of these two studies, the “Phase II Clinical Trial on Heavy
Particle Radiotherapy for Malignant Head and Neck Tumors (Protocol 9602)” was initiated on a 64.0GyE/16
fractions/4 weeks fractionation method (or 57.6 GyE/16 fractions/4 weeks when the wide-range of the skin was
included in the target volume) in April 1997.

Based on the results of preliminary analysis of the 9602 protocol, two protocol were derived with effect from
April 2001 into 1) the “Phase I/II Clinical Trial of Carbon lon Radiotherapy for Bone and Soft Tissue
Sarocomas in Head and Neck (Protocol 0006)” designed as a dose escalation study for bone and soft-tissue
tumors, and 2) the “Phase II Clinical Trial of Carbon Ion Radiotherapy Combined with Chemotherapy for
Mucosal Malignant Melanoma in Head and Neck (Protocol 0007)” for the treatment of malignant melanoma
with concomitant chemotherapy.

1. Phase II Clinical Trial on Heavy Particle Radiotherapy for Malignant Tumors in
Head and Neck (Protocol 9602)

The eligibility criteria for enrollment in this Clinical Study were the presence of histologically proven
malignancy, measurable tumor in the head and neck region including NOMO in principle, with no co-existent
malignant active tumor, no distant metastasis to other parts, an age range from 15 to 80 years and a prospective
prognosis of at least 6 months or longer. The candidates were also required to have a Karnofsky performance
status index (K.I.) of 60% or more and to give their written informed consent for inclusion in this Clinical
Study. A further requirement was the absence of prior radiotherapy for the carbon treated area, the absence of
intractable inflammatory lesion and no interval time less than four weeks from the completion of last
chemotherapy.

The clinical trial was commenced in April 1997, and by February 2009 a total of 351 patients corresponding
to 354 lesions was registered (for three patients, a second lesion was treated in the same patient). Five of the
351 patients were excluded from the analysis because of 1) that carbon ion radiotherapy had to be cancelled for
two patient with malignant melanoma due to a deterioration of the symptoms, 2) that another patient with
lacrimal gland tumor was diagnosed as a metastasis from the thyroid gland before carbon ion radiotherapy, 3)
that the ameloblastoma of a further patient was diagnosed as a benign tumor after histological re-examination
and 4) that the histological confirmation was done by cytology only. The data for 349 lesions of 346 patients



treated until February 2009 are recorded as follows: Patient age ranged from 16 to 80, averaging 57 years of
age, with 176 male and 173 female. Their K.I. ranged from 60% to 100%, with the median value being 90%.
The sites of disease are consisted of 91 lesions with paranasal sinus, 71 with nasal cavity, 43 with salivary
gland, 43 with oral cavity, 38 with orbita, 36 with pharynx, 11 with thyroid gland, 9 with auricula and 7 with
tumors in other sites. Histologically, the tumors are classified as follows: 120 with adenoid cystic carcinoma,
102 with malignant melanoma, 40 with adenocarcinoma, 19 with squamous cell carcinoma, 13 with papillary
adenocarcinoma, 11 with mucoepidermoid carcinoma, 6 with osteosarcoma, 6 with acinic cell carcinoma, 5
with unfifferentiated carcinoma and 27 with other histological types of tumor. There were five cases of T1, 27
of T2, 52 of T3, 151 of T4, 77 of post operative, 27 of post chemotherapy, 9 of post operative and post
chemotherapy and one of post carbon ion radiotherapy. Carbon ion radiotherapy was given on a fractionation
method of 16 fractions/4 weeks. The 349 lesions were irradiated with a dose of 57.6GyE in 243 cases and with
one of 64.0GyE in 106 cases.

Acute reactions of the normal tissues of the 349 lesions which were treated until February 2009 included
grade 3 skin reactions in 15 patients (5%) and in the mucosa in 49 patients (14%), and no reactions worse than
grade 3 were observed. Late toxic reactions comprised grade 2 skin reaction in 7 patients (2%) and mucosa
reactions in 8 patients (3%), with no evidence of radiation-induced toxicities worse than these.

The tumor reaction at six months after treating the 328 lesions was CR for 40 lesions, PR for 148 lesions, NC
for 135 lesions and PD for 5 lesions, with the response rate (CR+PR) being 57%. The five-year local control
rate was 70% and five-year overall survival was 48% (Fig. 1). Five-year local control rate by histological type
was 81% for the 38 adenocarcinoma, 74% for the 107 adenoid cystic carcinoma, 74% for the 100 malignant
melanoma and 70% for the 19 squamous cell carcinoma (Fig. 2). The five-year survival rate was 68% for
adenoid cystic carcinoma and 56% for adenocarcinoma (Fig. 3).

Although the reactions in normal tissues included acute grade 3 skin and mucosal reactions in approximately
10% of the subjects, the late reactions were grade 2 or less. This therapy can therefore be described as
presenting no clinical problems. The overall local control rate was 70% at 5 years. The therapeutic
effectiveness of the therapy was particularly outstanding for non-squamous cell carcinoma, a tumor intractable
to photon radiotherapy. Treatment results of combined surgery and radiotherapy ranged from 49% to 98% of
five-year local control and from 40~80% of five year over all survival. Recommended treatment is surgery with
or without radiotherapy [2]. When they were treated by radiotherapy alone, the local control was 20~25% [3,
4]. In the present study, the local control rate was 70%, in spite of including 141 cases (43%) of T4 and 110
cases (34%) of recurrence of post operative and/or post chemotherapy. Therefore the local control of carbon ion

radiotherapy is promising for locally advanced head and neck cancer.
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Fig.1: Local control and survival curves of the H&N cancer (9602).



9602: Local Control by Histology

1

9
3 .8
E
o
; .6
8 =9 5-Year Local Control Rate
= ADENO (38) B1%
& ACC (10D 74%
e i | T4%
3 a sce(19) 70%
m
<
§ N
a 0

|||||

meonths

Fig. 2: Local control curves by histology (9602).
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Fig. 3: Survival curves by histology (9602).

2. Phase I/I1 and II Clinical Trials of Carbon Ion Radiotherapy for Bone and Soft
Tissue Sarcomas in Adult Head and Neck (Protocol 0006)

Phase I/II protocol was commenced in April 2001 for the purpose of a dose escalation study against bone and
soft-tissue tumors in the head and neck, since the preliminary analysis of the phase II clinical trial for malignant
tumors in the head and neck (Protocol 9602) suggested that the local control and survival of bone and
soft-tissue sarcoma in the head and neck was clearly worth than other malignant tumor. We adopted 70.4 GyE
(fraction dose of 4.4 GyE) through 16 fractions over 4 weeks as an initial prescribed dose in the present study.
Until February 2008, 28 patients had been enrolled. One patient with parapharyngeal osteosarcoma was
excluded from analysis because of past history of whole body irradiation for her ALL. According to following
toxicities, we might be able to proceed to the next irradiation dose; however, in the present study, because the
local control rate had been appropriate 100% with the initial dose for the period of the present phase I study and
because it was definitive that more than 70.4 GyE would make many unacceptable adverse effects from the
results of carbon ion dose escalation study for sarcomas in trunk in our institution, Kamada et al. described that
4 of 17 patients had Grade3 late toxicities in trunk with more than 70.4 GyE [5], we determined that 70.4 GyE /
16fr. is a recommend irradiation-dose for unresectable bone and soft tissue sarcomas in adult head and neck.



This phase I/II study was completed on February 2008. From April 2008, phase II clinical study was started
with same dose fractionation of 70.4 GyE/16 fractions/4 weeks.

Till the February of 2009, three patients were enrolled into this phase II study. A total of 30 patients of phase
I/IT and II study were analyzed. They consisted of 10 patients with osteosarcoma, 6 patients with MFH, 2
patients with chondrosarcoma, 2 patients with hemangiopericytoma, 2 patients with myxofibrosarcoma, 2
patients with leimyosarcoma, and each one patient with fibrosarcoma, angiosarcoma, small round cell sarcoma,
spindle cell sarcoma, PNET and rhabdomyosarcoma.

In preliminary analysis of the 29 patients who had follow-up period for more than six months, almost of all
patients presented less than grade 2 acute reactions; however, only one patient presented an early grade 3
mucosal reaction. All late skin and mucosal reactions were grade 1 or less. The tumor reactions consisted of CR
(4), PR (5) and SD (20). The response rate was 31%. The median observation period was 29 months. The
three-year local control rate was 91.8% and their three-year overall survival rate was 72.8% (Fig. 4).
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Fig. 4: Local control curve and survival curve of bone and soft tissue sarcoma in H&N (0006).

Bone and soft tissue sarcomas in head and neck are rare mesenchymal malignant neoplasms accounting for
less than 10% of all bone and soft tissue sarcomas and approximately 1% of all head and neck neoplasms.
Willers et al. said that wide resection margins are anatomically difficult to achieve, and the delivery of high
radiation dose can be limited by the vicinity of critical normal tissue structures (spinal cord, brain stem, optic
chiasm, eyes). Accordingly, local control rates for head and neck sarcomas are lower compared to the
extremities [6]. Five years local control rate of combined surgery and radiotherapy is 60-70% with five years
overall survival. Local control of surgery alone is around 54% and that of radiotherapy alone is 43- 50% [7].
However, in cases with unresectable sarcoma, the local control and survival prognosis were miserable.
Conventional radiotherapy with a total dose less than 65 Gy showed no local control [8, 9, 10]. Results of
carbon ion radiotherapy in our previous study (9602) for bone and soft tissue sarcomas in head and neck, in
which study patients were treated by 64.0 or 57.6 GyE/16 fraction, showed 24% of five years local control and
36% of overall survival. On the other hand, the three-year local control rate of this study (0006) was 91.8% and
their three-year overall survival rate was 72.8%. The results showed improved tendency of 0006 study in both
local control and overall survival, especially, local control significantly was improved.

Now we perform a phase II clinical study with the dose of 70.4 GyE for unresectable bone and soft tissue
sarcomas in head and neck.



3. Phase II Clinical Trial for Mucosal Malignant Melanoma in Head and Neck
Combined with Chemotherapy (Protocol 0007)

Although the phase II Clinical Study for the Head and Neck tumors (Protocol 9602) had achieved a
satisfactory local control rate for the malignant melanoma, the survival rate was not commensurate with the
favorable local control rate of the malignant melanoma. In view of this, this protocol was started in April
2001 for the purpose of prophylactic therapy against distant metastasis, the major cause of death in malignant
melanoma of the head and neck region. .

Carbon ion radiotherapy was administered on a fractionation method of 57.6 GyE/16 fractions/4 weeks.
Concomitant chemotherapy (DAV: Day 1: DTIC 120mg/m2 + ACU 70mg/m2 + VCR 0.7mg/m2; Days 2~5:
DTIC 120mg/m2, 4 weeks’ interval, a total of 5 courses) was administered at a rate of two courses before, and
three courses after carbon ion radiotherapy. The results for the seven patients treated until February 2002 show
that at the time of completion of the two courses of DAV chemotherapy prior to carbon ion radiotherapy, there
were 2 PR, 2 NC and 3 PD patients, necessitating the early commencement of carbon ion radiotherapy. From
April 2002 onwards, carbon ion radiotherapy and DAV chemotherapy were carried out concurrently.

Until February 2009, a total of 89 patients who were performed concurrent chemotherapy were enrolled
Analysis of the 89 patients shows that their age ranged from 26 to 74 years, with the average age being 59.9
years. Their K.I. ranged from 70% to 100%, with a median of 90%. By site of disease, they consisted of 73
patients in the nasal cavity and paranasal sinus, 10 patients in the oral cavity, 4 patients in the pharynx and 3
patients in the orbit.

The acute reactions of 82 patients who have a follow-up time more than 6 months were consisted of one
patient with grade 3 skin reaction and 11 patients with grade 3 mucosal reaction while the other toxicities that
were observed were grade 2 or less. All late reactions in both the skin and mucosa were grade 1 or less.

The local tumor reactions show CR for 20, PR for 33, SD for 30, and PD for no patients. The effective rate
was 63.9%. The S5-year local control and survival rates of 75 concomitant patients were 85.9% and 58.3%
(Fig.5). Of these 75 concomitant patients, the 5 years survival rate of 60 patients whose GTV is less than 60cc
was 67.6% and one of 15 patients with GTV larger than 60cc was 24.1 % (p<0.005) (Fig. 6).
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Fig. 5: Local control curve and survival curve of mucosal malignant melanoma (0007).
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Fig. 6: Survival curves of mucosal malignant melanoma subdivided by GTV at 60 cm® (0007).

The reported local failure of systemic therapy including surgery, operation and chemotherapy is very high
(45-54%) [10, 11]. Five years local control of carbon ion radiotherapy showed 77% in 9602 protocol and 85.9%
in 0007 protocol. These results will show an effectiveness of carbon ion radiotherapy for the local control of
mucosal malignant melanoma in head and neck. The review article by Lengyel E et al. reported 5 years survival
rates of 17-48%, which is attributed mainly to a haematogenous dissemination [12]. Overall 5 years survival
rate of carbon ion radiotherapy showed 37% in 9602 and 57.9% in 0007 protocol. There will be some tendency
of improving result in concurrent and adjuvant chemotherapy (0007).

Conclusion

Malignant tumors in head and neck are therapeutically very diverse because of the many important organs
present in this region and the great variety of tissue types. Carbon ion radiotherapy also requires considerable
versatility in terms of the use of a specific radiation dose suited for the particular histological type and the
application of concurrent chemotherapy. At present, efforts are being made to increase the patient numbers in
order to produce results that can provide cogent clinical evidence.
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Abstract

From 1994 to 1999, we conducted a phase I/II clinical trial for stage I non-small cell lung cancer (NSCLC) by
using carbon ion beams alone, demonstrating optimal doses of 90.0GyE in 18 fractions over 6 weeks (Protocol
#9303) and 72.0GyE in 9 fractions over 3 weeks (Protocol #9701) for achieving more than 95% local control
with minimal pulmonary damage. In the present study, the total dose was fixed at 72.0GyE in 9 fractions over 3
weeks (Protocol #9802), and at 52.8GyE for stage IA and 60.0GyE for stage 1B in 4 fractions in 1 week
(Protocol #0001). Following this schedule, we conducted a phase 11 clinical trial for stage | NSCLC from 1999 to
2003. We also conducted a phase I/II single fractionation clinical trial (Protocol #0201), a dose escalation study.
The total dose was initially 28.0GyE in 2003, and it was raised to 44.0GyE in 2007. This article describes the
intermediate steps. Most targets were irradiated from four oblique directions. A respiratory-gated irradiation
system was used for all sessions. Local control and survival were assessed by Kaplan-Meier method. For
statistical testing, the Log-rank test was used.

The local control rate for all patients (#9802 and #0001) was 91.5%, and those for T1 and T2 tumors were 96.3%
and 84.7%, respectively. While there was a significant difference (p=0.0156) in tumor control rate between T1
and T2, there was no significant difference (P=0.1516) between squamous cell carcinomas and non-squamous
cell carcinomas. The 5-year cause-specific survival rate was 67.0% (IA: 84.4, IB: 43.7), and overall survival was
45.3% (1A: 53.9, 1B: 34.2). No adverse effects greater than grade 2 occurred in the lung.

In a single fractionation trial, the local control rate for all 72 patients was 89.3%, and the control rates for T1 and
T2 tumors were 94.6% and 78.7%, respectively. No adverse effects greater than grade 2 occurred in the lung.
Carbon beam radiotherapy, an excellent new modality in terms of high QOL and ADL, was proven to be a valid
alternative to surgery for stage I cancer, especially for elderly and inoperable patients.

Introduction

In 1998, lung cancer became the leading cause of cancer-related death in Japan, as it had done in Western
countries. Surgery plays a pivotal role in the curative treatment for non-small cell lung cancer (NSCLC), but it is
not necessarily the best treatment for elderly persons and/or patients with cardiovascular and pulmonary
complications. Conventional radiotherapy as an alternative, however, produces a five-year survival rate in
merely 10-30% of the patients due to poor control of the primary tumor. Dose escalation is essential to improve
the effectiveness of radiotherapy, but this involves increasing risk of pulmonary toxicity. Carbon ion
radiotherapy (CIRT) is a promising modality because of its excellent dose localization and high biological effect



on the tumor. Our clinical trials led us to conclude that irradiation with heavy particle beams, notably carbon ion
beams, offers a significant potential for improving tumor control without increasing toxicity risks.

Between 1994 and 1999, a phase I/II study of the treatment of stage I NSCLC by CIRT was first conducted
using a dose escalation method to determine the optimal dose. An additional purpose was to develop correct,
reliable and safe irradiation techniques for CIRT. As reported in our phase I/II study [1], the following results
(Table 1) were obtained: 1) The local control rate was dose-dependent, reaching more than 90% at 90.0GyE with
a regimen of 18 fractions over 6 weeks and at 72.0GyE with 9 fractions over 3 weeks. Both doses were
determined to be optimal. It was found that setting the provisional target by allowing for the difference with the
CT value can prevent marginal recurrence [2]. 2) Damage to the lung was minimal, with grade 3 radiation
pneumonitis occurring in 2.7% of the cases. Respiratory-gated and 4-portal oblique irradiation directions
excluding opposed ports proved successful in reducing the incidence of radiation pneumonitis. 3) Survival was
strongly influenced by local control and tumor size of the primary lesion. The early detection of nodal and
intralobar metastasis followed by irradiation with carbon beams can prevent the survival rate from decreasing
further. Local failure, distant metastasis and malignant pleurisy were responsible for decreases in survival.

Adverse reactions in lung

1)  minimum damage to lung (grade 3 radiation pneumonitis was 2.7%)

2) influenced by dose, respiration movement, and port direction and number

Local control

1)  dose-dependent, but less dependent on tumor size and histological type

2)  more than 90% by optimal dose and demonstrated by pathological CR

Survival

1) influenced by local control state and tumor size

2) less decreased by nodal and intralobar metastasis but more by local failure, malignant pleurisy
and distant metastasis

Table 1 Results of phase /Il study on carbon beam radiotherapy for stage |
non-small cell lung cancer

In the present study, a phase II clinical trial and a phase I/Il dose escalation clinical trial are reported. In the
phase 1T clinical trial, the total dose was fixed at 72.0GyE in 9 fractions over 3 weeks [3], and at 52.8GyE for
stage IA NSCLC and 60.0GyE for stage IB NSCLC in 4 fractions in one week [4]. Using this optimal schedule,
the phase II clinical trial was initiated in April in 1999 and closed in December in 2003, accruing a total number
of 127 patients.

The phase I/Il dose escalation clinical trial was initiated in- April 2003. The initial total dose was 28.0GyE
administered in a single fraction using respiratory-gated and 4-portal oblique irradiation directions, with the total
irradiation dose being escalated in increments of 2.0GyE each, up to 44.0GyE. This clinical trial is still in
progress. This article describes the intermediate steps of the phase I/II clinical trial and the preliminary results of
the phase II clinical trial in terms of local control and survival after CIRT.

Materials and Methods
[Phase II clinical trial]

One hundred and twenty-nine patients with 131 primary lesions were treated with CIRT. Fifty-one primary
tumors of 50 patients were treated by carbon ion beam irradiation alone using a fixed total dose of 72GyE in 9
fractions over 3 weeks (#9802 protocol [3]). The remaining 79 patients had 80 stage I tumors (#0001 protocol
[4]) For survival, 127 patients were evaluated, as 2 patients had been treated twice, one in the first protocol



#9802, and one in the second protocol #0001. The IA and IB stage tumors were treated with fixed doses of
52.8GyE and 60.0GyE in 4 fractions in one week, respectively. Mean age was 74.5 years, and gender breakdown
was 92 males and 37 females. The tumors were 72 T1 and 59 T2. Mean tumor size was 31.5 mm in diameter. By
type, there were 85 adenocarcinomas, 43 squamous cell carcinomas, 2 large cell carcinomas and 1
adenosquamous cell carcinoma. Medical inoperability stood at 76%.

[Phase VII clinical trial (single fractionation)]

Seventy-two patients were treated in this clinical trial between April 2003 and August 2007. As mentioned
above, the intermediate steps of this still ongoing phase I/II clinical trial included a total dose of 36.0GyE or
more, the follow-up time was 6 months or more after CIRT, and the local control ratio of T1 tumors (=30mm in
diameter) was as high as 90% at the total dose of 36.0GyE. The 72 primary tumors of the 72 patients were
treated by carbon ion beam irradiation alone using a total dose of 36.0GyE (n=18), 38.0GyE (n=14), 40.0GyE
(n=15), 42.0GyE (n=15), or 44.0GyE (n=10) per single fractionation. Mean age was 75 years, and gender
breakdown was 23 females and 49 males. The tumors were 47 T1 and 25 T2. Mean tumor size was 27.7 mm in
diameter. By type (cancer type was determined by biopsy), there were 45 adenocarcinomas, 26 squamous cell
carcinomas, and one large cell carcinoma. Medical inoperability was 65% (Table 2).

Age (mean) 46-87 (75)
Gender | Female 23
Male 49
PS 0 45
1 26
2 1
Tumor size (mean) 10-62 27.7)*
Stage 1A 47
IB 25
Histology| Adenoca. 45
Sq cell ca. 26
Large cell ca. 1
Reason of poor candidate for surgery
Refusal 25 (35)**
Medically inope. 47 (65)**
Total dose (GyE)
36.0 18
38.0 14
40.0 15
42.0 15
44.0 10
*mm, **percent Aug. 31,2007

Table2 Treatment & characteristics of 72 patients with stage | NSCLC

[Carbon ion beam irradiation]

The same system of carbon ion beam irradiation was used in both phase II and phase I/II clinical trials. The
targets were usually irradiated from four oblique directions without prophylactic elective nodal irradiation (ENI).
A greater than 10-mm margin was set outside the gross target volume (GTV) to determine the clinical target
volume (CTV). The planning target volume (PTV) was established by adding an internal margin (IM) to the
CTV. The IM was determined by extending the target margin in the head and tail direction by a width of 5 mm,
leading to a successful prevention of marginal recurrence possibly resulting from respiration movement [2]. Fig.
1 shows the dose distribution maps for a representative case. A respiratory-gated irradiation system was used in



all irradiation sessions. Fig. 2 shows the CIRT room. We used vertical or horizontal beams in 2 oblique positions

including 4 directions-irradiation totally.

Lt. $'*2 Squamous cell ca.
Stage IB: T2NOMO
40.0GyE/1fr
10.0GyE/direction
Respiration-gated

sequential 4 oblique
directions irradiation

Fig. 2 Treatment room



[Statistical analysis]
Local control and survival were assessed by Kaplan-Meier method. For statistical testing, the Log-rank test was

used.

Results
[Phase II clinical trial (#9802, #0001)]

All patients were followed up until death, with a median follow-up time of 50.8 months, ranging from 2.5
months to 70.0 months. The local control rate for the 131 primary lesions was 91.5% (Fig. 3), those for T1
(n=72) and T2 (n=59) tumors were 96.3% and 84.7% and for squamous cell type (Sq) (n=43) and non-squamous
cell type (Non-Sq) (n=88) were 87.1% and 93.8%, respectively. While there was significant difference
(p=0.0156) in tumor control rate between T1 and T2, there was no significant difference (P=0.1516) between
squamous and non-squamous in T1+T1, nor between T1 and T2. However, with respect to squamous cell type
cancer, local control was 100% for T1 (n=17) and 78.0% for T2 (n=26), with a near-significant difference
(p=0.0518). The local control of non-squamous tumors was 95.3% for T1 (n=55) and 91.0% for T2 (n=33), with
no significant difference (p=0.3364).

The S-year cause-specific survival rate of the 127 patients was 67% (Fig. 3), breaking down into 84.8% for
stage IA and 43.7% for stage IB tumors (Fig. 4A). The 5-year overall survival rate was 45.3% (Fig. 3), breaking
down into 53.9% for stage IA and 34.2% for stage IB tumors (Fig. 4B).
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Fig. 3 Local control (n=131) and survivals (n=127) by CIRT
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Fig. 4 Survivals of patients by stage IA and stage IB

Toxicities to the skin and lung caused by CIRT were assessed according to RTOG (early) and RTOG/EOTRC
(late) as shown in Tables 3, 4. Early skin reactions were assessed for 131 lesions and late skin reactions for 128
lesions. Of the early reaction lesions, 125 were grade 1 and 6 were grade 2. Among the late reaction lesions, 126
were grade 1, 1 was grade 2, and 1 was grade 3. Lung reaction was clinically assessed in the total 129 patients.
One hundred twenty-seven had grade 0 and 2 had grade 2 in early reaction. Late effects werefollowed up in 126
patients: 7 patients had grade 0, 116 patients had grade 1, and 3 patients had grade 2. No higher than a single
grade 2 reaction was observed.

Skin Early reaction (RTOG) Late reaction (RTOG)
Lesion Grade Lesion Grade
No. 0 1 2 3 4=<| No. 0 1 2 3 4=<
#9802 | 51 0 50 1 0 0 S 0 49 1 1 0
#0001 80 0. 75 5 0 0 q17* 0 77 0 0 0
Total | 131 0 125 6 0 0 128 0 126 1 1 0
*

3 cases were not observed due to early death

Table 3 Adverse skin reactions by CIRT

Fifty-three of the 127 patients (41.7%) had recurrence, all occurring between 1 and 54 months (median, 10.5
months) after the commencement of therapy. No occurrence was observed in the other 74 patients (58.3%). The
9 primary recurrences (7.1%) and 11 regional metastases (8.7%) consisting of 7 regional nodes (5.5%), one



intrabronchial (0.8%), and 3 intralobar metastases (PM1) (2.4%) occurred in the loco-regional site. In one patient
primary recurrence was seen at the margin, while in another it occurred in-field.

Lung Early reaction (RTOG) Late reaction (RTOG)
Lesion Grade Lesion Grade
No. 0 1 2 3  4=<] No. 0 1 2 3 4=<
#9802 | 50 49 0 1 0 0 50 0 48 2 0 0
#0001 79 [78 o 1 o o | 76* | 7 68 1 0 0
Total | 129 | 127 0 2 0 0 126 0 116 3 0 0
* 3 cases were not observed due to early death

Table4 Adverse lung reactions by CIRT

By sub-stage classification, the incidence of loco-regional recurrence, pleural dissemination, and distant
metastasis for stage IB (63%) was much higher than for [A (24%). The total incidence of first recurrence for
stage IB (63%) tended to be higher than for stage IA (24%). Verification by y* test showed no significant
difference (x*=1.63).

The cause of death was as follows: 62 out of the 127 patients (48.8%) died, half of disease progression.
Among the patients with recurrence, 5 of 9 with primary recurrence (55%) died from disease progression. Ten of
the 11 patients with regional metastases were re-treated, 9 with CIRT and 1 with photons. Seven of these patients,
although they had no further recurrence, died due to intercurrent disease, and 1 with node metastasis but no
re-treatment died of disease progression. Eight of the 11 patients with regional metastases (72%) died, and 9 of
the 10 patients (90%) with malignant pleurisy and 17 of the 23 patients (74%) with distant metastases died of
disease progression. Five of them died due to primary recurrence, and 26 due to metastasis and dissemination.
For the remaining 31 patients, intercurrent diseases were the cause of death [3, 4].

[Phase VI clinical trial (single fractionation)]

All patients were followed up until death, with a median follow-up time of 16.1 months, ranging from 1.6
months to 21.6 months. The overall local control rate for the 72 primary lesions was 89.3%, and those for the T1
(n=47) and T2 (n=25) tumors were 94.6% and 78.7%, respectively (Fig. 5). The 28-month overall survival rate
was 85.4% and the cause-specific survival rate was 98.0%.

Toxicities of CIRT to the skin and lung were assessed according to NCI-CTC (early) and RTOG/EOTRC
(late) as shown in Tables 5 and 6. Early skin reactions were assessed for 72 lesions and late skin reactions for 69
lesions. Of the early reaction lesions, 69 were grade 1 and one was grade 2. Among the late reaction lesions, 65
were grade 1 and one was grade 2. Lung reactions were clinically assessed in the 72 patients. Forty-five had
grade 0, and 27 had grade 1 among early reactions. Late reactions were followed up in 69 patients, with 12
showing grade 0 and 57 grade 1. The clinical course of a 71-year-old female is shown in Fig. 6 and Fig. 7.
Tumor shrinkage and slight lung fibrosis is apparent, and grade 1 skin reaction was observed.

Discussion

In the present study, local control, cause-specific, and overall survival rates for the 127 patients in the phase II
clinical trial were 91.5%, 67.0%, and 45.3%, respectively. Also, overall local control, local control in T1 tumor,
and local control in T2 tumor were 89.3%, 94.6%, and 78.7%, respectively, by single fractionation. Local control



in T1 tumor has successfully been raised more than 94% using single fractionation. Toxicities to skin, lung and

bone were minimal.
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Fig. 5 Tumor control rates after ICRT using single fractionation

lﬂ Total Early reaction (NCI-CTC) Late reaction (RTOG/EORTC)

dose |No. of Grade No. of Grade

(GyE) | Case | 0 1 2 3 4=<| Case | 0 1 2 3 4=<
36.0 18 0 18 0 0 0 17* 0 17 0 0 0
38.0 14 0 14 0 0 0 13* 0 13 0 0 0
40.0 15 1 13 1 0 0 15 2 12 1 0 0
42.0 15 0 15 0 0 0 14* 0 14 0 0 0
44.0 10 1 9 0 0 0 10 1 9 0 0 0
Total 7 2 69 1 0 0 69 3 65 [ () 0

*QOne case was not observed in each group

Table5 Adverse skin reaction after CIRT using single fractionation



Lung | Total Early reaction (NCI-CTC) Late reaction (RTOG/EORTC)

dose | No. of Grade No. of Grade

(GyE)| Case | 0 1 2 3 4=<| Case | 0 1 2 3 4=<
36.0 18 12 6 0 0 0 Mgz 3 14 0 0 0
38.0 14 9 5 0 0 0 13* 2 11 0 0 0
40.0 15 11 4 0 0 0 15 4 11 0 0 0
42.0 15 9 6 0 0 0 14* 1 13 0 0 0
44.0 10 4 6 0 0 0 10 2 8 0 0 0
Total 72 45 27 0 0 0 69 12 57 0 0 0

*One case was not observed in each group

Table 6 Adverse lung reaction after CIRT using single fractionation

Fig. 6 Clinical course of 71-year-old female (T2NOMO squamous cell carcinoma) after CIRT

(40GyE!/ single fractionation). CT (A), dose distribution map (B), and CT (C) at18 months after CIRT

are shown. Apparent tumor shrinkage was observed without severe lung fibrosis.

Out of the 131 primary cancers of 127 patients, local occurrence occurred in 9 patients (6.8%). The average
recurrence time was 17.2 months, ranging from 7 to 39 months. According to our previous study, the observation
period required to determine local control of the irradiated lesions was at least 3 years post therapy [1]. However,
the present study suggested the need for a longer observation period. It is self-evident that prolonged survival
guarantees more reliable observation of local control results.

For the correct assessment of local control of patients who could not be observed for such a long duration
because of death resulting from metastasis/dissemination or intercurrent disease, a histological approach based
on repeated bronchoscopy was used, providing evidence of the absence of viable tumor cells in the collected

specimens [3].



Furthermore, definite tumor control was also confirmed by the autopsies of CIR T-treated patients and in cases
treated by surgery [5]. Such high and definite tumor control appears to be an outstanding feature of CIRT.
Presumably, this is primarily due to the radiobiological nature of the high LET beams, which may account for
the higher survival rate of stage | NSCLC. On the other hand, the failure of local control for primary tumors
directly affects the poor survival of stage I NSCLC patients [1, 3]. Among our cases, 5 of 9 patients with primary
recurrence (55%) died due to disease progression.

Eleven regional recurrences occurred. This incidence was close to that of surgery (7.5% [6], 11% [7]). Eight
of them (72%) died. Only one patient, with no retreatment, died due to disease progression. The other 7 retreated
patients died due to intercurrent death. Martini et al. [6] reported that any resection less than lobectomy and no
lymph node dissection had adverse effects on recurrence and survival. In contrast, our treatment strategy for
regional recurrence is thought to have gained validity as the standard surgical procedure for stage I NSCLC.

Nine of the 10 patients (90%) with malignant pleurisy and 17 of the 23 patients (74%) with distant metastasis
died of disease progression. The poor prognosis of stage IB cases was based on the high incidence of pleural and
distant metastasis.

Fig. 7  Skin reaction after CIRT (40.0GyE/1fr). Grade 1 reactions were observed.

With clinical stage I NSCLC, our 5-year overall survival results were somewhat inferior to the surgical ones

[3, 5]. This difference may be due to the significant age gap between the two groups. The incidence of death due
to recurrence in the surgical groups was 29% or 36%, whereas that due to intercurrent diseases was 19% or a
few % [6, 7]. In contrast, our patients showed a higher incidence of death due to intercurrent diseases (60%) than
death due to recurrence (40%). Comparison of stage IA with stage IB revealed a large difference in stage 1A
between overall (53.9%) and cause-specific (84.8%) survival, while there was a smaller difference in stage 1B
between overall (34.2%) and cause-specific (43.7%) survival. Such large and small survival differences in the
two stage I subgroups might well be explained by the low incidence of recurrence death in stage TA (24%) and
its high incidence in stage IB (63%). Generally, such a high frequency of intercurrrent death might be related to
the advanced age of our patients, as they were on average 10 years older than the surgical patients [6, 7]. As we
have reported, elderly patients 80 years and older can be treated safely by CIRT [8].
Compared with pulmonary damage reported in stereotactic radiotherapy for stage I NSCLC [9-11], the incidence
and severity in our patients seem to be remarkably low. These lesser adverse effects on the lung were achieved
as a result of the small volume irradiated. This advantage is a result of the excellent dose distribution property
unique to carbon ion beams and lies in the formation of a Bragg peak in contrast to X-ray as a permeating beam.



Conclusions
One hundred twenty-seven stage I NSCLC patients with 131 primary tumors were treated with CIRT using a
total dose of 72GyE in a regimen of 9 fractions over 3 weeks, and 52.8GyE for stage IA and 60GyE for stage IB
at 4 fractions in one week. In addition, 54 stage I NSCLC patients with 54 primary tumors were treated with
single-fraction CIRT using total doses ranging from 38.0GyE to 44.4GyE.
1. The local control rate of 131 primary lesions was 91.5%. There was statistical difference between the local
control rates for T1 and T2, and near significance between squamous cell carcinoma and non-squamous cell
carcinoma of T2.
2. Five-year overall and cause-specific survival rates of 127 patients were 45.3% and 67.0%, respectively.
3. Five-year overall survival rates of the patients with stage IA and stage IB were 53.9% and 34.2%, while
five-year cause-specific survival rates with stage IA and stage IB were 84.8% and 43.7%, respectively.
4. There was high incidence of intercurrent death due to advanced age and related complications.
5. Adverse effects on skin and lung were minimal, indicating the safety of the modality. Carbon beam
radiotherapy, which is an excellent new modality in terms of a high QOL and ADL, is a valid alternative to
surgery for stage I cancer, especially for elderly and inoperable patients.
6. In CIRT using single fractionation with a total dose range from 36.0GyE to 44.0GyE, the local control rate
for the 72 primary lesions was 89.3%, and those for the T1 (n=47) and T2 (n=25) tumors were 94.6% and
78.7%, respectively.
7. CIRT using single fractionation is very effective, viewed at an intermediate step, and is a safe modality for
stage I NSCLC.
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Abstract

The Heavy Ion Medical Accelerator in Chiba (HIMAC) is the world’s first heavy ion accelerator complex
dedicated to medical use in a hospital environment. Heavy ions have superior depth-dose distribution and greater
cell-killing capability. In June 1996, clinical research for the treatment of bone and soft tissue sarcomas was
begun using carbon ions generated by the HIMAC. As of August 2008, a total of 421 patients with bone and soft
tissue sarcoma were enrolled into the clinical trials. Most of the patients had locally advanced and/or medically
inoperable sarcomas. The clinical trial revealed that carbon ion radiotherapy provided definite local control and
offered a survival advantage without unacceptable morbidity in bone and soft tissue sarcomas that were hard to
cure with other modalities.

1. Introduction

Tumors arising from bones, muscles, and vessels are referred to as bone and soft tissue sarcomas. While the
incidence of these tumors is extremely low, they are capable of occurring ubiquitously throughout the body. For
this reason, they are occasionally detected too late or their accurate diagnosis presents difficulty and incomplete
treatment is administered on the false recognition of their being benign.

While tumor resection is the most common treatment modality for such bone and soft tissue sarcomas, major
progress has been made in their management, thanks to the development of combined therapy modalities in
recent years, in the wake of surgical advancements. These methods combine chemotherapy and radiotherapy
with new imaging diagnostics such as MR, CT, and PET. Among these tumors, osteosarcoma originating in the
limbs accounts for the majority of malignant bone tumors, and limb-sparing surgery not requiring arm or leg
amputation has become possible through a combination of surgical resection with chemotherapy. The therapeutic
results have also recorded a dramatic improvement in recent years: Whereas the five-year survival rate was only
10-20% in the 1970s, the latest data are up to as high as 50 - 80%. Similarly, soft tissue sarcomas developing in
muscle or other soft tissues have meanwhile come to be treated by combined chemo-radiotherapy modalities and
functional preservation operations achieving a five-year survival rate in excess of 70%. In the case of tumors that
have developed in or near the spinal cord or in the pelvis, as well as advanced limb tumors and postoperative
recurrent tumors, however, chemotherapy may often not be very effective and curative surgery may be difficult
to perform. Moreover, most bone and soft tissue sarcomas are known to be resistant to conventional radiation.
Thus, despite the significant progress seen in the treatment of bone and soft tissue sarcomas in recent years,
patients judged intractable to surgery still face the harsh reality of being less likely to find an effective treatment
option. In this regard, carbon ion radiation with its superior dose conformity and its potent biological effect holds

out much promise for also achieving outstanding results with radio-resistant bone and soft tissue sarcomas. This



article presents our experiences with carbon ion radiotherapy using the Heavy Ion Medical Accelerator in Chiba
(HIMAC) at NIRS.

2. Patients and Methods

A dose escalation trial (phase U1l trial) using carbon ion beams was carried out on 64 lesions of 57 bone or
soft tissue sarcoma patients during the period from June 1996 until February 2000 [1]. A fixed-dose phase II trial
was then initiated in April 2000, and records as of August 2008 show that 377 lesions of 358 patients have been
treated. Both of these trials included bone or soft tissue sarcoma patients for whom surgical resection was
contra-indicated. The main eligibility criteria are listed in Table 1. While the phase II trial included patients with
radiation-associated sarcoma, it did exclude patients with intravascular tumor embolus. Three hundred and
eighty-eight patients (414 lesions) in these 2 trials have been followed for 6 months or longer after carbon ion
treatment as of August 2008. Their clinical characteristics are summarized in Table 2. There were 230 males and
158 females, and their age ranged from 12 to 85 years, with a median of 52 years. Tumor locations were as
follows: 89 lesions in the spine or paraspinal region; 298 in the pelvis, and 27 in the extremities and other sites.
The tumors were categorized as 304 primary bone and 84 primary soft tissue sarcomas. Histological
classification showed that chordoma was the most frequent tumor, accounting for 126 patients, followed by
osteosarcoma in 66 patients, chondrosarcoma in 63 patients, MFH (including 14 bone primaries) in 30 patients
and Ewing/PNET in 28 patients (including 5 soft tissue primaries). For pathological confirmation, central
pathological review of surgical or biopsy specimen was carried out. All patients enrolled in the trials gave their

written informed consent.

Table 1. Eligibility

 Histologically confirmed bone or soft tissue sarcomas
¢ Unresectable or declines surgery

¢ Gross measurable lesion

« Lesion size <15cm in maximum diameter

¢ KPS 60~100%

« No prior radiotherapy to the lesion

¢ Signs informed consent statement

Abbreviations: KPS, Karnofsky performance status



Table 2. Patient characteristics

Characteristic No. (N =388)
Age, years
Median (range) 52 (12~85)
Sex
Female/ Male 158/230
Tumor sites (414 lesions)
Pelvis 298
Spine/para-spine 89
Extremities etc 27
Histology
Bone 304
Chordoma 126
Osteosarcoma 66
Chondrosarcoma 63
PNET 23
MFH 14
Others 12
Soft tissue 84
MFH 16
MPNST 16
Synovial sarcoma 8
Liposarcoma 8
PNET 5
Leiomyosarcoma . 5
Rhabdomyosarcoma 4
Others 23
Clinical target volume, cm®
Mean (range) 489 (16~2900)

Abbreviations: PNET, primitive neuroectodermal tumor; MFH, malignant fibrous histiocytoma;
MPNST, malignant peripheral nerve sheath tumor

The features of the Heavy Ion Medical Accelerator in Chiba (HIMAC) and the carbon ion beam have been
previously described. In brief, the accelerated carbon ion beam energies were 290, 350, and 400 MeV. The range
of the beams was a depth of 15— 25 cm in water. An appropriately sized ridge filter corresponding to the tumor
size was selected to form the spread-out Bragg peak (SOBP). A compensation bolus was fabricated for each
patient to make the distal configuration of the SOBP similar to the shape of the target volume. A multi-leaf
collimator defined the margins of the target volume. Patients were placed in customized cradles and immobilized
with a low-temperature thermoplastic sheet. A set of 5-mm-thick CT images was taken for the treatment
planning. Three-dimensional treatment planning was performed with HIPLAN software (National Institute of
Radiologic Sciences, Chiba, Japan) for the planning of carbon ion therapy. A margin of S mm was usually added
to the clinical target volume to create the planning target volume. When the tumor was located close to critical
organs such as the spinal cord, skin or bowel, the margin was reduced accordingly. The clinical target volume
was covered by at least 90% of the prescribed dose. Dose was calculated for the target volume and any nearby
critical structures and expressed in Gray-Equivalent (GyE = carbon physical dose (Gy) x Relative Biological
Effectiveness {RBE}). Carbon ion radiotherapy was given once daily, 4 days a week (Tuesday to Friday), for a
fixed 16 fractions in 4 weeks. Patients were treated with two to eight irregularly shaped ports (median, 3 ports).



One port was used in each session. At every treatment session, the patient’s position was verified with a
computer-aided on-line positioning system. The patient was positioned on the treatment couch with the
immobilization devices, and digital orthogonal X-ray TV images in that position were taken and transferred to
the positioning computer. They were compared with the reference image on the computer screen and the
differences were measured. The treatment couch was then moved to the matching position until the largest
deviation from the field edge and the isocenter position was less than 2 mm. For all of these patients, a total dose
ranging from 52.8 GyE to 73.6 GyE was administered by a fractionation regimen of 16 fractions over four weeks
(with single radiation doses of 3.3 - 4.6 GyE).

3. Results

A dose escalation trial (phase I/II trial) with a total dose ranging from 52.8 GyE to 73.6 GyE administered in
16 fractions over four weeks (single radiation doses of 3.3 - 4.6 GyE) was carried out on 64 lesions of 57 bone
and soft tissue sarcoma patients between June 1996 and February 2000. As 7 of the 17 patients treated with 73.6
GyE were found to have grade 3 RTOG acute reactions (skin), dose escalation was halted at this dose level. No
other grade 3 or worse acute reactions were detected. These findings made it clear that with a fractionation
regimen of 16 fractions over four weeks, a total dose of 70.4 GyE was the maximum applicable dose in cases in
which skin presented a problem, and a total dose of 73.6 GyE was possible in other cases. The overall local
control rate was 89% at 1 year, 63% at 3 years, and 63% at 5 years. A significant difference was found between
the local control rates achieved with a total dose of 57.6 GyE or less and those with 64.0 GyE or more. The
median survival period was 31 months (2-96 months), and the 1-, 3- and 5-year survival rates were 82%, 47%,
and 37%, respectively. A fixed-dose phase II trial was then initiated in April 2000, and as of August 2008, 362
patients have been enrolled for treatment. The number of lesions and patients analyzed six months or longer after
therapy stands at 350 lesions of 331 patients, with 10 of these lesions having been treated with a dose of 73.6
GyE (4.6 GyE per fraction), 19 with 64 GyE (4.0 GyE per fraction) and 21 with 67.2 GyE (4.2 GyE per
fraction). The remaining 299 lesions were treated with a dose of 70.4 GyE (4.4 GyE per fraction). As of the
present, the 2- and 5-year local control rates are 88% and 79%, and similarly, the overall survival rates are 79%

and 57%, respectively (Figure 1).
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Figure 1. A ial local I and I survival in the 331 phase Il study patients
with bone or soft tissue sarcomas. Local control rate at 5 years was 79%, and overall
survival rate at 5 years was 57%.

Radiation morbidities are summarized in Table 3. Grade 3 or worse toxic reactions included 2 patients with
acute skin toxicities (grade 3) and 7 patients with late skin toxicities (grade 3: 6 patients; grade 4: 1 patient).



These late skin reactions suggest that the following may be risk factors in addition to the total dose: 1)
subcutaneous tumor invasion, 2) tumor volume, 3) sacrum, 4) previous surgery, 5) additional chemotherapy, and
6) irradiation from two portals. It was possible, however, to prevent these reactions by aiming for a standard
dose of 70.4 GyE and by modifying the irradiation method that may include irradiation from three portals, in
order to reduce the dose delivered to the skin.

The entire evaluable population for both the above clinical trials amounted to 414 lesions of 388 patients, and
their aggregate S-year local control rate presently stands at 76% and their 5-year overall survival rate at 54%
(Figure 2). The 126 chordoma patients (excluding patients with the base of the skull primaries) of this total have
a 5-year local control rate of 89% and a 5-year overall survival rate of 85% (Figure 3) (A report on the 30 sacral
chordoma patients who were observed for a period of two years or longer was published in the Clinical Cancer
Research [2]).

The 5-year local control rate and 5-year overall survival rate for the 65 patients with osteosarcoma of the trunk
were 62% and 28% (Figure 4) and for the 63 chondrosarcoma patients 65% and 59%, respectively. (Figure5)
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Figure 2. Actuarial local control and overall survival in the 388 patients with bone or soft tissue
sarcomas. Local control rate at 5 years was 76%, and overall survival rate at 5 years was 54%.
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Figure 3. Actuarial local control and overall survival in the 126 patients with chordoma.
Local control rate at 5-years was 89 %, and overall survival rate at 5-years was 85%.
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Figure 4. Actuarial local control and overall survival in the 65 patients with osteosarcoma of the
trunk. Local control rate at 5 years was 62%, and overall survival rate at 5 years was 28%.
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Figure 5. A local i and survival in the 63 patients with chondrosarcoma.
Local control rate at 5 years was 65%, and overall survival rate at 5 years was 59%.

4. Discussion

In this study, carbon ion radiotherapy was well tolerated and demonstrated substantial activity against
sarcomas. These results were obtained in patients with advanced and/or chemo-resistant gross lesions not suited
for surgical resection and located mainly in the trunk. Irradiation with a total dose ranging from 64 to 73.4 GyE
in 16 fractions over four weeks resulted in a local control rate of 80% or more for bone and soft tissue sarcomas
disqualified from surgery. Although treatment results after carbon ion radiotherapy have so far been quite
satisfactory, it is imperative to continue with long-term follow-up observation and carry out further analyses to
assess local control, toxicities, survival rate and QOL as a function of such criteria as histological type, location,
tumor size, irradiation field and dose to achieve a safe and effective therapy regimen. For small lesions, in
particular, the possibilities of a shorter irradiation regimen should be explored. Systematic analyses will be
essential to determine the optimum dose and irradiation field setting in accordance with the patient’s histological
type and tumor location and to shed light on the problems involved. Research will also be needed to clarify the
role of heavy particle radiotherapy in the context of combined therapy modalities for bone and soft tissue
sarcomas. Not only for patients disqualified from surgery but also for elderly patients and patients with major

functional loss consequent to surgical resection, carbon ion radiotherapy is seen as a valid alternative to surgery.



While previous experience with carbon ion radiotherapy to the extremities has so far been rather limited, the
combination of carbon ion radiation and surgery could offer a promising potential for patients intractable to
limb-sparing surgery as a modality for widening the scope of limb-retaining therapy.

5. Conclusion

Carbon ion radiotherapy is an effective local treatment for patients with bone and soft tissue sarcomas for
whom surgical resection is not a viable option, and it shows great promise as an alternative to surgery. The
morbidity rate of carbon ion radiotherapy has so far been quite acceptable, although the long-term safety of this
approach for patients with sarcomas will need to be monitored.
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Abstract

The objective of this paper is to present a summary explanation of the clinical study on carbon ion radiotherapy
for hepatocellular carcinoma (HCC) conducted from April 1995 to August 2005 at the Research Center for
Charged Particle Therapy, National Institute of Radiation Sciences, Japan. A total of 193 patients with HCC
were enrolled in the clinical trials with carbon ion beams. In the first and second phase I/II clinical trials, dose
escalation experiments were carried out in incremental steps of 10%, resulting in the confirmation of both the
safety and the effectiveness in short-course regimens of 12, 8 and 4 fractions. Based on the results, a phase II
clinical study with fixed fractionation, that is, 52.8 GyE/4 fractions, was performed, where 47 patients were
treated with low toxicity, attaining a high local control rate of 95% at 5 years. The last clinical study was
conducted from April 2003 to August 2005 with an even more hypofractionated regime of 2 fractions/2 days, in
which 36 patients were safely treated within a dose escalation range from 32.0 GyE to 38.8 GyE. The 2-fraction
therapy protocol is continuing under the license of Highly Advanced Medical Technology. There have been no
therapy-related deaths and no severe adverse events until now.We can conclude that because of the low toxicity
and high local control rate, carbon ion radiotherapy has a promising potential as a new, radical, and minimally
invasive therapeutic option for HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors with the third highest annual
mortality of 598,000 throughout the world (2002), especially in Asia, Africa, as well as a number of countries in
Europe, including Spain, Italy, Greece, and France. Worldwide, some 626,000 new cases were reported in 2002.
In recent years, the incidence of HCC has shown an increasing trend in Australia, India, Israel, Canada, Italy,
Spain, Finland and USA. HCC is associated with liver cirrhosis in 80% of the total HCC patients. This disease is
thus a very advanced form of hepatic disorder resulting from hepatitis C or B viral infection. The overall 5-year
survival rate for all patients with HCC has remained steady at 3 to 5%. HCC patients often require repeated
therapies owing to the multicentric nature of carcinogenesis in the cirrhotic liver. Therefore, both radical effect
and minimal invasiveness are essential for the treatment of HCC. A variety of therapies are currently available
for the treatment of HCC, but each of them has its specific limitations. None has so far been brought on the
market that satisfies the above two essential requirements of radicality and minimal invasiveness in the
treatment of tumors of any size encountered in practice.



Methods and Materials
1. Outline of carbon ion radiotherapy for HCC -Clinical Trials to Medical Treatment — (Table 1)
Clinical trials with carbon ion radiotherapy for HCC were initiated in April 1995 (1). A total of 193 patients
with HCC were enrolled into the trials. In the first and second phase I/II clinical trials, dose escalation
experiments were carried out in incremental steps of 10% each in order to find the optimum dose. In the first of
these trials, 24 patients were treated with a 15-fraction regimen at a total dose range of 49.5-79.5 GyE. In the
second trial, 86 patients were treated with short-course regimens, at total dose ranges of 54.0-69.6 GyE in 12
fractions, 48.0-52.8 GyE in 8 fractions, and 48.0-52.8 GyE in 4 fractions. Based on the results of these studies, a
third protocol was established to implement a phase II clinical trial using a fixed total dose of 52.8 GyE spread
over 4 fractions of 13.2 GyE each (2). The fourth protocol, a phase VI clinical study, was performed using an
even more hypofractionated regime of 2 fractions/2 days at total dose levels ranging from 32.0 GyE to 38.8 GyE
(3). Most of the subjects enrolled under these four protocols had been judged as not amenable to, or as having
had recurrence after, other treatments, or as having no prospect of an adequate treatment effect with any of the
existing therapies. This 2-fraction therapy is currently ongoing according to guidelines allowing careful
step-wise dose escalations at a 5% increase rate under the license of Highly Advanced Medical Technology.

2. Carbon ion radiotherapy
2-1. Preparation for treatment

One or two metal markers (0.5 x 3 mm) made of iridium wire were inserted near the tumor under ultrasound
imaging guidance as landmarks for target volume localization. The irradiation fields were established with a
three-dimensional therapy plan based on 5-mm-thick CT images. CT planning was performed using the
HIPLAN, which was originally developed for 3D treatment planning (4). The clinical target volume was defined

according to the shape of the tumor plus a 1.0-1.5-cm margin. The median target volume was 159 ml (range:
" 37-1466 ml). Double right-angled field geometry was used for irradiation in most patients (double right-angled
field: 77%, double oblique field: 7%, 3-field: 14%, 4-field: 2%). Supine or prone position was selected
according to the location of the tumor. Respiration gating was employed in the CT scan planning and irradiation
stages (5).
2-2. Verification of patient position and target volume localization

To accurately reproduce the patient position, a low-temperature thermoplastic sheet and a customized cradle
were used. Patients were immobilized on a rotating couch to permit either vertical or horizontal beam irradiation
from any angle. To assess the accuracy of patient position and target volume localization, orthogonal
fluoroscopy and radiography were used immediately prior to each treatment session.

Results

The clinical trial results up to the 4-fraction regimen for which observation has been continued for 5 years or
longer are described below. The 2-fraction therapy was not included in this analysis due to its continuation and
the as yet short observation time.
1. Toxicities

Not a single therapy-related death occurred. Using the Child-Pugh score, an international standard for
assessing the degree of hepatic insufficiency, on a rating scale from 5 to 15 points, with the score increasing with
deterioration of hepatic function, post-therapy changes were investigated in order to evaluate the effect of
carbon ion radiotherapy on liver function. An increase in score count associated with carbon ion radiotherapy
remained within one point or below in many patients in the early (within 3 months of the start of radiotherapy)
and late phases (after 3 months) (Fig. 1). This demonstrated that changes in liver function remained minor after
carbon ion radiotherapy was initiated. The number of cases reported with a score increase of 2 points or more in



the late phase, which is of particular clinical significance, tended to be smaller with decreasing fraction
numbers.

No serious adverse effects were noted either in the skin or digestive organs. All toxicities were judged to be
tolerable.

Changes in Child-Pugh score after the start of Therapy
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Fig. 1: Changes in Child-Pugh score before and after carbon ion radiotherapy
Variations in Child-Pugh score, an international standard to assess the degree of hepatic insufficiency changes before
and after irradiation, were studied. Degrees of hepatic insufficiency can be evaluated with the Child-Pugh score on a
scale from 5 to 15 points. The score point increases as the degree of hepatic insufficiency deteriorates.
The increase in score associated with carbon ion radiotherapy remained within one point or below in many patients in
the early (within 3 months of start of radiotherapy) and late phases (after 3 months).

2. Anti-tumor effect

HCC develops in a successive manner, fostered by the underlying cirrhosis of the liver. Patient survival is
therefore determined by the overall results, including the treatment of recurrent lesions and also the treatment of
hepatic insufficiency in case of a decline in liver function. As a result, the survival rate does not reflect the
effectiveness of any particular treatment alone. In comparing the effectiveness of the different therapies for HCC,
it is therefore easier to make a judgment on the basis of the local control rate rather than the survival rate. In the
present clinical trials, other treatments proved ineffective or led to recurrence in 57% of the patients, and as the
phase I/II trials were conducted as dose escalation studies to determine the recommendable dose, there is a
possibility that some of the patients may have been treated with a smaller than optimum dose. It is therefore not
possible to make a simple comparison of the survival rates achieved in these clinical trials with other treatments.

In this study, only patients with an observation period of 3 years or more after the commencement of carbon
ion radiotherapy were eligible for analysis and the local control rates for the analyzed lesions are shown
separately according to protocol and fractionation regimen (Table 2). There were no significant differences in
control rate among the different fractionation schedules.



Table 1. Outline of carbon ion radiotherapy for HCC

Carbon lon Radiotherapy for HCC

April, 1995~ March, 2009 Total n=259
Protocol Disease Category Fractionation Period Number
1. 9401 HCC Phase l/ll study 15f/5w 1995.4~1997.3 24
12f/3w 34
2.9603 HCC Phase I/l study 8fl2w 1997.4~2001.3 24
4f[1w 28
3.0004 HCC Phase Il study 4f[ 1w 2001.3~2003.3 47
4.0202 HCC Phase l/ll study 2f/2days 2003.4~2005.8 36
Highly 4f1w 2005.9~ 10
Guideline  HCC e
2f/2days 2006.4~ 56
Technology
Table 2. Results of clinical trials for HCC with carbon ion beams
Trial Phase /11 Phase I/11 Phase 11 52.8GyE/4f
Number of fractions 15 12 8 4 4 4
Total dose (GyE) 49.5-79.5 54.0-69.6  48.0-58.0  48.0-52.8 52.8 52.8
Number of lesions 24 34 24 28 47 69
Ml tner distsler 5.0 97 3.1 46 9.9 4.0
(cm) Median
Range 2.1-8.5 1.5-7.2 1.2-12.0 2.2-12.0 1.2-7.5 1.2-12.0
yes  18(75%) 18 (53%) 16(67%) 18 (64%) 20 (43%) 35 (51%)
Recurrent Tumor
no 6 (25%) 16 (47%)  8(33%) 10 (36%) 27 (57%) 34 (49%)
1-year local control (%) 92 97 91 89 96 94
3-year local control (%) 81 86 86 89 96 94
5-year local control (%) 81 86 86 89 96 94

Discussion

1. Standard therapies for HCC

The standard therapies for HCC are hepatectomy, transcatheter arterial embolization (TAE), percutaneous
ethanol injection (PEI), and radio-frequency ablation (RFA). According to the Survey and Follow-up Study of
Primary Liver Cancer in Japan, the relative shares of these therapies in the total treatment records for the
two-year period from January 1, 2002 through December 31, 2003 were: hepatectomy 34%, TAE 30%, and
percutaneous local therapy involving PEI, percutaneous microwave coagulation therapy (PMCT), and RFA 31%.

The respective merits and demerits of each of these procedures can be summed up by saying that, while they



remove the cancer cells with the greatest degree of certainty by hepatectomy, they are also stressful on the liver
and the body as a whole. TAE is clinically useful and has a relatively low degree of invasiveness but is of
limited radicality. PEI and RFA, on the other hand, are simple procedures offering a high degree of radicality but
their effect is limited to comparatively small tumors (3 cm or smaller in diameter). The use of radiotherapy for
HCC has been considered difficult in view of the problems of radiation-induced hepatic insufficiency (6,7).
Progress in the development of irradiation devices in recent years, however, has made it possible to achieve
highly localized irradiation. This has spurred advances in radiotherapy research for liver cancer (8-15).
2. Optimal candidates for carbon ion radiotherapy

For patients with extensive infiltration and those with multiple lesions it is difficult to achieve radicality with
carbon ion radiotherapy alone. Carbon ion radiotherapy is indicated, however, for patients with few restrictions
concerning liver function, a level of liver function corresponding to medium or better (Child-Pugh grade A or B).
For small lesions 3 c¢cm or less, however, minimal invasiveness, high local control rate, and low-cost therapies
such as PEI and RFA are available. In contrast, large lesions 3 cm or above are difficult to treat with PEI or RFA
alone, making them ideal targets for carbon ion radiotherapy. Especially for patients with locally concentrated
lesions over 3 cm and up to 5 cm, the local control rate was 90% at one to five years, and the cumulative
survival rate was 95% at one year, 71% at three years, and 67% at five years. In addition, with relatively good
liver function of Child-Pugh grade A, the cumulative survival rate was 94% at one year, 81% at three years and
75% at five years (Fig. 2). These outcomes seem superior to those achieved with other therapies, for example,
hepatectomy, for which cumulative survival rates of 91% at one year, 74% at three years, and 59% at five years
for a single lesion, and those of 91% at one year, 73% at three years, and 56% at five years for tumors 2 to 5 cm
in diameter, have been reported (16). This evidence suggests that patients with locally concentrated lesions over

3 cm, up to 5 cm, are most eligible for carbon ion radiotherapy.
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Fig. 2: Overall survival rate in operable patients

3. Future prospects

Hospitalization for HCC carbon ion radiotherapy now totals only 5 days, 3 days for preparation and 2 days for
irradiation. The future goal will be to further reduce the number of days of hospitalization and to perform almost
all processes on an outpatient basis. In fact, several cases have already received outpatient therapy with carbon

ion beams.



Conclusion

Although carbon ion radiotherapy is safe and effective, and it seems to have promising potential as a new,
radical, and minimally invasive therapeutic option for HCC, further careful follow-up is still needed to confirm
its clinical efficacy in practical medicine. A future goal will be to minimize the number of days of

hospitalization and to perform almost all processes on an outpatient basis.

Case 1

Before 1y after

Fig. 3: Case 1
67-year-old male. He had HCC of 7 cm in diameter in segment IV. He survived for 5 years
after carbon ion radiotherapy of 72.0 GyE/15 fractions.

Case 2

Before 1y after

Fig. 4: Case 2
72-year-old male. He had HCC of 4.6 cm in diameter in segment I. He remained alive for 8.0 years
after carbon ion radiotherapy of 52.8 GyE/4 fractions.

Case 3

Fig. 5:Case3
77-year-old man. He had HCC of 10.5X 7.7 cm in the right hepatic lobe. He remained alive for 2.0 years
after carbon ion radiotherapy of 38.8 GyE/2 fractions.
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Abstract

Purpose: To evaluate the tolerance for and effectiveness of carbon ion radiotherapy in patients with locally
recurrent rectal cancer.

Patients and Methods: We conducted a phase I/II dose escalation study of carbon ion radiotherapy. One hundred
twelvw patients with 117 sites of locally recurrent cancer receiving carbon ion radiotherapy were analyzed. Fifty
relapses originated in the presacral region, 38 in the pelvic sidewalls, 16 in the perineal region and § in the
colorectal anastomosis. The total dose ranged from 67.2 to 73.6 gray equivalent (GyE) and was administered in
16 fixed fractions over 4 weeks (4.2 to 4.6 GyE/fraction).

Results: None of 90 patients treated with the highest total dose of 73.6 GyE experienced National Cancer
Institute - Common Toxicity Criteria grade 3 to 5 acute reactions. The local control rate in patients treated with
73.6 GyE in the present study was 94% at three years and 94% at 5 years. Dose escalation was then halted at this
level. The median survival time in patients treated with 73.6 GyE was 54 months (range, 7 to 65 months), and
the 3- and 5-year overall survival rates were 72% at 3 years and 40% at S years, respectively.

Conclusion: Carbon ion radiotherapy seems to be a safe and effective modality in the management of locally
recurrent rectal cancer, providing good local control and offering a survival advantage without unacceptable
morbidity.

Introduction

The major recurrence patterns after surgery for rectal cancer include liver metastasis and local recurrence,
with the rate of local recurrence (LR) for rectal cancer ranging from 10 to 40% [1-3]. Although the use of pre- or
postoperative radiation therapy has reduced the incidence of LR, 10-15% of patients still develop recurrence.
Patients with locally recurrent rectal cancer have low rates of subsequent local control and overall survival.
Surgical resection remains the only potentially curative treatment. Curative surgery of LR is technically difficult
and the rates of complications and operative mortality are relatively high. In fact, surgery of LR is seldom
feasible, and most patients are referred for radiotherapy. External-beam radiation therapy is generally considered
a palliative treatment. LR is resistant to conventional radiotherapy and is located close to critical organs.

The carbon ion beam possesses unique physical and biologic properties [4,5]. It has a well-defined range and
insignificant scatter in tissues, and the energy release is enormous at the end of its range. This well-localized
energy deposition (high-dose peak) at the end of the beam path, called the Bragg peak, is a unique physical
characteristic of charged particle beams, as is the induction of more cell cycle- and oxygenation-independent,
irreversible cell damage than that observed with low-LET radiation. To improve long-term local control and
survival of locally recurrent rectal cancer, we have initiated a radiation dose-escalation trial using carbon ion
beams.



Patients and Methods
1. Patient Eligibility

Patients were included in the study if they were confirmed with locally recurrent rectal cancer without distant
metastasis by computed tomography (CT), magnetic resonance imaging (MRI), and carbon-113methionine
positron emission tomography (PET) findings, had adenocarcinoma of the rectum and had a potentially curative
resection of the primary tumor and regional lymph nodes performed with neither gross nor microscopic residual
disease. Patients who had undergone chemotherapy within 4 weeks before carbon ion radiotherapy or those who
had prior radiation therapy at the same site were excluded from the study. The tumor had to be grossly
measurable, but the size could not exceed 15 cm. Eligibility criteria included a Karnofsky performance status
score higher than 60 and estimated life expectancy of at least 6 months. Exclusion criteria were having another
primary tumor, and infection at the tumor site and digestive tract in contact with the clinical target volume. A
complete history was obtained and a physical examination was performed before registration, including CT, MRI
and PET to determine the extent and size of the tumor. Chest and upper abdominal CT scans were mandatory at
the time of entry into the trial. All patients signed an informed consent form approved by the local institutional

review board.

2. Carbon Ion Radiotherapy

The Heavy Ion Medical Accelerator in Chiba is the world’s first heavy ion accelerator complex dedicated to
medical use in a hospital environment. The features of the accelerator and carbon ion beam have previously been
described [6,7]. In brief, carbon ion radiotherapy was given once daily, 4 days a week (Tuesday to Friday), for
fixed 16 fractions in 4 weeks. Patients were treated with two to five irregularly shaped ports (median, three
ports). The clinical target volume (CTV) was determined by setting the margin Smm outside the gross tumor
volume (GTV) and included the regional lymph nodes (LN). The LN areas that should be considered part of the
target volume include the internal iliac, external iliac and presacral nodes. Dose constraints of the maximum
dose for the intestine and bladder were 30 GyE in 9 fractions and 60 GyE in 16 fractions, respectively.
Prophylactic nodal areas of risk are usually treated with 37.8-41.4 GyE in 9 fractions of 4.2-4.6 GyE before

irradiation field are reduced in size.

3. Dose Escalation and Toxicity Criteria

At least three patients were treated at the same dose level, and then a 10% escalation of the total dose was
carried out after careful observation of normal tissue responses using to NCI-CTC (National Cancer Institute -
Common Toxicity Criteria Version 2.0). Dose adjustment was planned if there was any acute RTOG grade 3 or
higher toxicity. We followed the standard phase I dose escalation methods. If no dose-limiting toxicity (DLT)
was observed in any of the three patients at a given dose level, the dose level was escalated for the next cohort. If
DLT was observed in no more than one in three patients, then three more patients were treated at the same dose
level. If no further cases of DLT were seen in the additional patients, then the dose level was escalated for the
next cohort. Otherwise, dose escalation was stopped. Three patients at any dose level of each site had to be
followed up for at least 3 months before a subsequent dose escalation. We used 67.2 GyE in 16 fractions, 4.2
GyE/fraction as the starting dose. For late reactions, the Late Effects of Normal Tissues/Subjective, Objective,
Management, and Analytic scoring system was used in addition to the RTOG/European Organization for
Research and Treatment of Cancer late scoring system. Scores for late reactions were the highest observed 3

months or later after carbon ion radiotherapy.
4. Toxicity

Toxicity on organs such as the skin, bladder and digestive tract was assessed according to NCI-CTC Version
2.0 (April 30, 1999) and RTOG/EOTRC (late) classification.



5. Tumor Response and Local Control Criteria

Tumor response was defined as the maximum tumor response observed by the RECIST scoring system during
the first 6 months after the initiation of carbon ion radiotherapy. Complete response (CR) was defined as the
disappearance of all measurable tumor in the treatment volume. Partial response (PR) meant a 30% or greater
decrease in tumor size (longest diameter). Stable disease was that with a less than 30% decrease or a less than
20% increase in tumor size. Progressive disease was defined as a 20% or greater increase in tumor size. The
absence of local failure in the treatment volume based on CT, MRI, and PET scans was described as local
control. Local recurrence was defined in terms of lesions occurring in the tumor bed.

6. Follow-Up

All patients were seen on a regular basis during follow-up. Initial evaluation of tumors using CT, MRI, and
PET scans was performed within 1 month after the completion of carbon ion radiotherapy. Thereafter, the
patients were followed up by CT or MRI every 1 or 2 months for the next 6 months, and then the intervals
between imaging and follow-up were extended to 3 to 6 months. PET was not performed regularly after the
initial evaluation.

7. Statistics

Survival time and local control time were defined as the interval between the initiation of carbon ion
radiotherapy and the date of death or the date of diagnosis of local failure, respectively. The survival and local
control curves were generated by Kaplan-Meier method and the log-rank test was used for comparisons.14,15
Results were considered significant at P <0.05.

Results
1. Patient Characteristics

Between April 2001 and August 2008, 115 patients (121 lesions) were enrolled into this study. One patient
was excluded because of subarachnoid hemorrhage before treatment. Thus, 114 patients of 115 eligible patients
were treated with carbon ion radiotherapy. Two more patients were excluded because of peritoneal dissemination
or lymph node metastasis of the mediastinum. Thus, 117 lesions in 112 patients (74 men and 38 women) were
treated with carbon ion radiotherapy. Patient characteristics are summarized in Table 1. Median age was 62.5
years (range 27 to 83 years). All patients presented with adenocarcinoma at initial surgery. Abdominoperineal
resection had been performed in 61 patients, anterior resection in 49, and Hartmann’s resection in two. Fifty
relapses originated in the presacral region, 38 in the pelvic sidewalls, 16 in the perineal region, and 8 in the
colorectal anastomosis. Carbon beams of 290, 350 and 400 MeV/nucleon energy were generated by the HIMAC
synchrotron. Carbon ion therapy was given once daily, 4 days a week, for fixed 16 fractions in 4 weeks. The
dose was set at 67.2 GyE (4.2 GyE per fraction) and escalated to 73.6 GyE (4.6 GyE) at 5% increments.

2. Toxicity

Toxicities in the 114 patients (120 lesions) receiving carbon ion therapy are listed in Table 2. They were
relatively few and mild in these patients. All patients completed the scheduled treatment course. No grade 3 to 5
acute toxicity was observed. Two grade 3 late skin and one gastrointestinal reactions were observed among the
ute120 lesions.



Table 1. Patient Characteristic

Characteristics No. of Pts. (N=112)
Age, years
Median 62.5
Range 27-83
Female/Male 74/38
Primary tumor operation
abdominoperineal excision 61
low anterior resection 49
Hartmann’s resection 2
Tumor sites (N=59)
presacral 50 (+1)
lymph nodes 38 (+2)
perineal 16 (+1)
anastomotic 8 (+1)

Table 2. Acute and Late Toxicities by NCI-CTC and RTOG/EORTC Scoring System

—Acute (NCI-CTO) Late (RTOG/EORTC)
No. of patients Gr0 Gr1 Gr2 Gr3 Grd No.of patients Gr0 Gr1 Gr2 Gr3 Grd

Skin 120 24 8 71 0 0 1200 54 B3 1 2 0
Gastrointestinal 120118 1 1 0 0 120 118 0 1 1 0
Urinary 120 1% 1 ¢ 0 O 120 118 0 2 D 0

MTD of 73.6 GyE had been indicated for patients with bone and soft-tissue sarcomas in the pelvis by a phase
I/II dose escalation study of carbon ion radiotherapy. The local control rate in patients treated with 73.6 GyE in
the present study was 97% at one year and 92% at 3 years, significantly better than the hitherto reported local
control rates. The patients in our series had been considered mostly to have tumors for which there were no other
effective local treatments. Despite such dire conditions, patients experienced good tumor control and a relatively
low incidence of complications with carbon ion radiotherapy. To confirm these findings, a phase II clinical trial
using 73.6 GyE is warranted.

Despite the fact that various types of chemotherapies were applied before or after carbon ion radiotherapy,
there were no obvious effects of chemotherapy on the incidence of toxicities in this series.

3. Tumor Response

Evaluation of tumor response was not considered the primary endpoint of this study. Tumor response was
evaluated in 117 lesions. One patient was excluded from tumor response analysis because of difficulty in
imaging evaluation. CR was observed in 15 lesions and PR in 314(Table 3). Sixty lesions remained stable. The
overall tumor response rate (CR+PR) was 47%. Remarkable anti-tumor effects were observed.

Table 3. Tumor Response of 117 Lesions

Total dose (GYE)  No. of lesions CR PR SD PD

67.2 10 4 1 5 0
70.4 20 0 8 12 0
63.5 87 i1 25 51 0



The overall actuarial local control rates at five years were 35%, 89% and 94% at 67.2 GyE, 70.4 GyE and 73.6
GyE, respectively. Ten in-field recurrences were observed among the recurrent patients (Fig.1).
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Fig. 1. Local control rates a) in all 116 analyzed lesions, b) by total dose

In terms of symptomatic response within 3 months after treatment, pain improved in 97% of the symptomatic
cases. Pain relief was maintained at one year in 67%, 91% and 100% of the patients treated with 67.2GyE,
70.4GyE and 73.6GyE, respectively. In general, symptoms tended to improve during the course of radiation
rather than worsen. While most authors agree that irradiation is frequently an effective therapy for symptomatic
pelvic tumors, it has also been established that the response usually persists for only about 3-6 months.
Symptomatic response rates range from 50% to 94%.

The overall survival estimates for the 112 analyzed patients are shown in Fig 2. The three-year and five-year
overall survival rates were 65% and 38%, respectively. The overall survival rates at three years were 36% at 67.2
GyE, 56% at 70.4 GyE, and 72% at 73.6 GyE. There was a clear correlation between overall survival rates and

total dose.

1004 - All 100 —4—67.2GyE
= i —— 704GyE
S 751 g 759 e 73, 6GYE
z &
= =
- 507 % 504
[ e
e 254 & 25+

: L] L] L) L L] L) : L ] L L) L] L] L] L] L] L] L}
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 90 100
Time(months) Time(months)

(a) (b)

Fig. 2. Overall survival rates a) in all 112 analyzed patients, b) by total dose

Our survival rate data are nearly the same as those associated with surgical resection.
The above results substantiate the superior usefulness of heavy ion radiotherapy in the treatment of recurrent
rectal cancer to conventional photon radiotherapy or combinations with chemotherapy.



Discussion

In this study, carbon ion radiotherapy was well tolerated and demonstrated substantial activity against locally
recurrent rectal cancer. These results were obtained in patients with advanced and/or chemoresistant gross
lesions not suited for surgical resection.

We found a dose-response relationship for local control at each year. The rate of actuarial local control
increased as the total dose increased from 67.2 to 73.6 GyE, reaching more than 90% in patients treated with
73.6 GyE at one year. The 3-year local control rate for patients receiving either 70.4 GyE or 73.6 GyE was very
similar at 89 or 92%, significantly better than that for those receiving 67.2 GyE (Fig. 3). Surgery is considered
the standard treatment for rectal cancer patients but is only possible in a very small number of cases. Curative
surgery for recurrent rectal cancer has resulted in higher than 50% long-term local control rate [8,9]. However,
most patients must be referred to radiotherapy. There have been several attempts to improve the duration and
quality of response in advanced cancers by combining radiation treatment with chemotherapy [10-13]. Previous
studies reported local control rates in patients with locally recurrent rectal cancer treated by all types of
radiotherapy including other particle beams of less than 50% [14,15]. The local control rate of our 73.6 GyE
group could be among the best achieved without surgical resection.

Although the focus of this study was not directed at survival duration, nonetheless, it is noteworthy that
improved local control resulted in better survival. We found a dose-response relationship for the survival rate.
The 2-year overall survival rate increased as the total dose increased from 67.2 to 73.6 GyE, reaching 93% in
patients treated with 73.6 GyE. The 2- and 5-year overall actuarial survival rates were 84% and 40%
respectively; in the literature, the reported 2-year survival rate for patients with locally recurrent rectal cancer
treated by external-beam radiation was 45% or less [15]. External-beam radiation therapy alone or in
combination with chemotherapy provides palliation and modest prolongation of life but has only a minimal
curative potential in patients with locally recurrent rectal cancer. The reported 2- year and 5-year overall survival
rate in patients with locally recurrent rectal cancer treated by curative surgery were 62-82% and 31-46%
respectively. This level of survival rate achieved with carbonion RT can be considered as equivalent to or better
than surgical resection.

Wendling has clearly shown that the oxygenation of differential rectal adenocarcinoma is distinctly lower than
that of the normal rectal mucosa, and tissue hypoxia or even anoxia are common features of these tumors [16].
Furthermore, Hockel showed that there is significantly greater hypoxia in pelvic recurrence than in primary
tumors [17]. Improvements in tumor response and control have been sought through efforts to overcome the
radioresistance of the hypoxic tumor cells identifiable in rectal cancers. These aspects might give high-LET
particles a particular advantage, no matter whether this is due to a lower oxygen enhancement ratio (OER) or
other intrinsic factors. Therefore, high-LET particle radiotherapy such as carbon ion or neutron seems to be
effective against recurrent tumor, which is hypoxic. Twenty patients with recurrent rectal cancer were treated
using the d,T generator in Munster by combined neutron-radiotherapy [18]. The radiation schedule most often
used for palliation involves giving 40 Gy photon and 10 Gy neutron doses (14 MeV). Initiation of pain relief
seems to occur faster with neutrons than with photons alone. Pain relief was achieved in 11 of 15 patients (73%),
and the probability for a pain-free period is 46% for 9 months. It remains to be proven if the frequency of pain
relief is higher and the pain-free period as well as the progression-free period last longer than with photons. The
incidence of acute toxicity was 30% and late toxicity 10%. All toxicity was seen at the skin. A higher neutron
dose will give better results, but may cause local radiation side-effects.

Carbon ion therapy offers the potential advantages of improved dose localization and enhanced biological
effect [19]. Our results have shown that carbon ion therapy has the promising potential of delivering a sufficient
dose to the tumor with acceptable morbidity in the surrounding normal tissues. Tumors that appear to respond
favorably to carbon ions include locally advanced tumors with a non-squamous histology such as



adenocarcinoma [20,21]. Carbon ion therapy may very well improve tumor control of recurrent rectal cancer.

In conclusion, carbon ion radiotherapy is an effective local treatment for patients with locally recurrent rectal

cancer, and it seems to represent a promising alternative to surgery. The morbidity rate of carbon ion

radiotherapy has so far been quite acceptable, although the long-term safety of this approach for patients with

sarcomas will still need to be monitored.
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Abstract
Adenocarcinoma of the pancreas continues to be a significant source of cancer mortality in Japan, resulting in
approximately 19,000 deaths a year. It is the fifth leading cause of cancer-related deaths in Japan, with a less than

5% 5-year expected survival rate”. About 70-75% of patients with pancreas cancer present with locally advanced
disease or distant metastases and have a median survival time of only 6 months. For unresectable pancreas cancer,
the median survival time with external beam radiation (EBRT) was better than with surgical bypass? or stents
alone®. The median survival OF EBRT alone was 4 to 7 months®. The median survival with combined EBRT and
chemotherapy for locally unresectable tumor was 8 to 10 months®, better than with EBRT alone.

Local failure of these combined therapies was still 26 to 48%. On the other hand, surgery with curative intent is
undertaken in 15-20% of patients. Even after resection, the predicted 5-year survival rates are still less than 20%".
Local recurrence in the pancreatic bed is seen in 50% of the patients undergoing presumed curative resection®.
We examined the effect of carbon ion therapy in terms of reducing the rate of local recurrence in patients with
locally advanced adenocarcinoma of the pancreas or undergoing resection for adenocarcinoma of the pancreas.

Carbon ion therapy

A Phase I/l Clinical Trial of Carbon-ion Therapy for patients with preoperative pancreas cancer (9906) was
carried out on surgically resectable patients from June 2000 through February 2003. This was followed by a Phase
I/IT Clinical Trial of Short-course Carbon-ion Therapy for patients with preoperative pancreas cancer (0203),
commencing in April 2003 for similarly surgically resectable patients, with a fractionation regimen from 16 (4
weeks) to 8 (2 weeks) fractions. Concurrently, a Phase I/II Clinical Trial of Carbon-ion Therapy for patients with
locally advanced pancreas cancer (0204) was conducted for surgically non-resectable patients with local
progressive disease without distant metastasis from April 2003 through February 2007. This was followed by a
Phase I/II Clinical Trial of Gemcitabine Combined with Carbon-ion Therapy for patients with locally advanced

pancreas cancer.

A. Preoperative pancreas cancer (Protocol 9906, 16 fractions/4 weeks)

Purpose: We examined the effect of preoperative carbon ion therapy in terms of reducing the rate of local
recurrence in patients undergoing resection for adenocarcinoma of the pancreas.

Patients and Methods: Twenty-two patients were enrolled into this trial. Median age was 63 years. Carbon ion
therapy was given once daily, 4 days a week, for a fixed 16 fractions in 4 weeks. The dose was set at 44.8 GyE and
escalated to 48.0 GyE at 5% increments.

Results: All patients completed the scheduled treatment course. Three grade 3 acute reactions and two grade 3 late
reactions occurred among 16 of the patients treated with a total dose of 48.0 GyE. The two grade 3 late reactions



were estimated to be caused by carbon ion therapy. Of the 22 patients, 15 (68%) had resection. All tumor
specimens pathologically revealed evidence of grade 2 treatment effects with significant fibrosis, hyalinization,
and necrosis (pathological grade 2 is defined as less than 33% active cancer cells). Remarkable antitumor effects
were observed. The overall local control rates were 100% and 87% at 1 year and 2 years of follow-up, respectively.
No local failure was observed in any of the 22 enrolled patients.

Conclusion: Carbon ion radiotherapy seems to be a safe and effective modality in the management of resectable
pancreatic carcinoma, providing good local control and offering a survival advantage without unacceptable
morbidity.

Patients and Methods
1. Patient Eligibility

Between April 2000 and February 2003, 22 patients judged according to the staging criteria of the Japanese
Committee on Cancer as being at clinical stages I, II, III or IVa, equivalent stages I, IT or III by the TNM staging
criteria, were enrolled into this trial. Criteria for trial eligibility were pathologic confirmation of ductal
adenocarcinoma, age of 18 years or more, ECOG performance score 0, 1, or 2, and adequate hematologic, hepatic,
renal, and cardiopulmonary function to allow pancreatectomy. Exclusion criteria were having another primary
tumor and infection at the tumor site. Patients who had undergone chemotherapy before carbon ion radiotherapy or
those who had prior radiation therapy at the same site were excluded from the study. The tumor had to be grossly
measurable, but its size could not exceed 15 cm, and the patients were evaluated by surgical consultation with three
surgical investigators as to the resectability of the lesion. Chest and upper abdominal CT scans were mandatory at
the time of entry into the trial. All patients signed an informed consent form approved by the local institutional

review board.

2. Carbon Ion Radiotherapy
The features of the accelerator and the carbon ion beam have previously been described”®.

Carbon ion therapy was given once daily, 4 days a week, for a fixed 16 fractions over 4 weeks. The dose was set at
44.8 GyE and escalated to 48.0 GyE at 5% increments. The protocol specifications for carbon ion radiotherapy
were as follows. The target volumes were established by CT scan. Field arrangements were generally designed
using a 3-field or 4-field plan. The clinical target volume (CTV) included the gross tumor volume (GTV) and
regional lymph nodes, which included the celiac, superior mesenteric, peri-pancreatic, portal and para-aortic
(celiac-IMA) nodes for pancreatic head cancer and splenic nodes for pancreatic body and tail cancer. The CTV
was defined as the gross volume plus 1.0 cm or 0.5 cm (in contact with the gut). At least 50% of the functioning
renal parenchyma was limited to 15 GyE or less. The spinal cord dose was limited to 30 GyE or less.

3. Surgery

Surgical resection was to be performed 2 to 4 weeks after the completion of carbon ion radiotherapy if there was
no disease progression to an unresectable status as determined by repeated abdominal CT scans, a prohibitive
decline in performance status, or other evidence of metastatic disease. Median time from the last day of carbon ion
radiotherapy to surgical resection was 21 days (range, 20 - 26 days).

4. Tumor Response and Local Control Criteria

Tumor response was defined as the maximum tumor response observed by the RECIST scoring system during
the first 6 months after the initiation of carbon ion radiotherapy. Complete response (CR) was defined as the
disappearance of all measurable tumor in the treatment volume. Partial response (PR) meant a 30% or greater
decrease in tumor size (longest diameter). Stable disease was that with a less than 30% decrease or a less than 20%



increase in tumor size. Progressive disease was defined as a 20% or greater increase in tumor size. Local
recurrence was defined in terms of lesions occurring in the treatment volume based on CT, MRI, and PET scans.
The development of a new, low-density mass in the region of the pancreatic bed was considered evidence of local
recurrence even in the absence of symptoms, and cytologic or histologic confirmation of recurrent disease was not
required. The absence of local recurrence was described as local control.

Histologic evaluation of the effects of carbon ion therapy included assessment of cytologic changes in conjunction
with quantification of the amount of viable residual carcinoma cells (Table 1). Upon completion of specimen
analysis, all cases were reviewed by the same histopathologist.

" Tablel. Grading system for radiation treatment effects

Grading system for radiation treatment effects

Grade Histological appearance
0 No tumor cell destruction evident
1 Less than two-thirds of tumor cells are destroyed
2 More than two-thirds of tumor cells are destroyed
3 No viable tumor cells present

5. Statistics
Survival time and local control time were defined as the interval between the initiation of carbon ion
radiotherapy and the date of death or the date of diagnosis of local failure, respectively.

Results
1. Patient Characteristics

None of the 22 patients initially registered into this trial was excluded from the analysis. The patients consisted
of 14 males and 8 females. Median age was 63 years (range, 42 - 77 years). Thirty cancers originated in the head of
the pancreas, 8 were in the body of the pancreas, and one was in both the head and body (Table 2).

Table2. Patient Characteristics

Characteristics Number of patients{%)
Age (years) median (range) 22 (42-77)
Gender male 14

female 8
ECOG performance score 0 18

1 4

Tumor location head 13

body-tail

head and body 1
Tumor size by CT (mm)
Stage (preoperative, TNM))
T3NO : 4
T3N1 18



2. Toxicity

The toxicities in the 22 patients receiving carbon ion therapy are listed in Table 3. The toxicities were relatively
few and mild. All patients completed the scheduled treatment course. Three grade 3 acute reactions and two grade
3 late reactions occurred among 12 of the patients treated with a dose of 48.0 GyE. One patient had cholangitis,
easily resolved by radiologic stent change and antimicrobials. Two were postoperative complications: one patient
had leakage at the choledochojejunostomy, requiring percutaneous drainage, and the other had gastrojejunostomy
leakage, requiring percutaneous drainage. Both leakages occurred outside of the treatment fields and were
considered to likely not be related to the carbon ion therapy. There was no grade 3 to 5 blood or bone marrow
reaction. Both two grade 3 late reactions were post-surgery portal vein stenoses, and both underwent portal vein

resections.

Table3. Acute and Late toxicities by NCI-CTC and RTOG/EORTC Scoring System

Acute (NCI-CTC) Late (RTOG/EORTC)

No. of patients Gr0Gr1 Gr2 Gr3 G4 No. of patients G0 Gr1 Gr2 Gr3 Gr4

Skin 22 22 0 0 0 O 20 20 0 0 0 O
Gastrointestinal 22 183 1 0 0 20 200 0 0 0
Bileduct 22 200 1 1 0 20 200 0 0 0
Porlalvein - 22 200 2 0 0 20 1800 2 0
Leakage 22 200 0 2 0 20 2000 0 0

3. Tumor Response

Evaluation of tumor response was not considered the primary endpoint of this study.
All 22 patients had CT scans before registration and 2-4 weeks after completion of the carbon ion radiotherapy.
On the basis of the CT scans, only one patient showed complete response, and one also showed partial response.
Twenty patients (91%) had stable disease, but none had local tumor progression.

4. Surgical Results

Of 22 patients, 15 (68%) had resection. One of the 22 eligible patients did not undergo surgery. CT scan
restaging after carbon ion radiotherapy revealed new liver metastases in this patient. Of the 21 patients undergoing
exploratory celiotomy, 5 had no resection. Two had metastases to the liver and three to the peritoneum. Fifteen
eligible patients had pancreatic resection; 10 modified Child procedures, two total pancreatectomies, and three
distal pancreatectomies were performed. In addition, one patient also underwent solitary liver resection for a small
isolated liver metastasis discovered intraoperatively after pancreaticoduodenectomy. This patient, who had
pancreatectomy that was not considered potentially curative resection, was included in this analysis. The median
time from completion of carbon ion radiotherapy to surgery was 22 days (range, 13 - 29).

5. Pathological Results of Resected Specimens

The pathological characteristics of the 15 resected specimens are listed in Table 3. All tumor specimens revealed
evidence of grade 2 treatment effects with significant fibrosis, hyalinization and necrosis, meaning more than
two-thirds of the tumor cells were destroyed. The resection margins were examined in all specimens. No patient

had a grossly or microscopically positive resection margin.

Table4. Pathologic results of the 15 resected specimens

Total dose (QVE) No. of patients (Grade0 @Gradel Grade?2 Grade3
44_8 5 ¢) 0 5 o
48.0 10 0 0 10 o



6. Patient Outcome

The overall local control rates were 100% at 1 year and 87% at 2 years of follow-up, respectively (Fig.1). One
local failure was observed in the residual pancreas at 18 months after pancreaticoduodenectomy. There was no
local and regional recurrence within the treatment fields. The 1-year overall survival rates were 62% for all
patients and 90% in the resected patients, and median survivals were 13.4 months and 21 months, respectively,
with a median follow-up of 13 months (range, 3.3 - 51 months) (Fig.2). Two patients are currently alive without
evidence of disease. Twenty patients are dead and 19 patients had metastatic relapse or carcinomatosis. In the

nonresected patients, the 1-year overall survival rate and median survival were 30% and 6.3 months.
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Fig.2. Overall survival for all 22patients

B. Short-course (8 fractions/2 weeks) preoperative pancreas cancer (Protocol 0203)

The phase I/II trial of preoperative carbon ion radiotherapy (8 fractions/2 weeks) for pancreas cancer prior to
surgery was performed with the purpose of establishing the safety of carbon ion radiotherapy, determining the
recommended dose, and substantiating its preoperative effectiveness.

At present, patient enrollment in the trial is in progress, and the outcomes are pending. The early data indicate the
same high level of local control as the 9906 protocol. However, the histological effect is showing a tendency of
being somewhat inferior to the 9906 protocol, suggesting that the dose is not adequate. In view of the reports in the
literature on drugs with a sensitizing effect in conjunction with heavy particle beams, further studies are scheduled
in search for an even more effective treatment modality.



C. Locally advanced pancreas cancer (Protocol 0204, 12 fractions/3 weeks)
The phase I/ trial of carbon ion radiotherapy (12 fractions/3 weeks) for locally advanced pancreas cancer was
performed so as to establish the safety of carbon ion radiotherapy, determine the recommended dose, and confirm

its efficacy.

Patients and Methods

Between April 2003 and February 2007, 47 patients judged according to the staging criteria of the Japanese
Committee on Cancer as being clinical stages [Va or I'Vb without distant metastasis were enrolled into thi trial. As
one patient was excluded because of receiving chemotherapy before treatment, 46 patients were eligible for this
analysis. Patients eligible for study entry had been histologically or cytologically confirmed with locally advanced
unresectable pancreas ductal carcinoma. Eligibility criteria were: confirmation of ductal carcinoma by CT
findings, age of 80 years or younger, ECOG performance score 0, 1, or 2, and hepatic, renal and cardiopulmonary
function sufficient for undergoing surgery. The criteria of the CT findings for non-resectability of the tumor
included tumor encasement of the celiac trunk and/or superior mesenteric artery. Carbon ion therapy was given
once daily, 4 days a week, for a fixed 12 fractions over 3 weeks. The dose was set at 38.4 GyE and escalated to 52.8

GyE at 5% increments.

Results
Toxicity on organs such as skin, bladder and digestive tract was assessed according to the NCI-CTC (acute) and
RTOG/EOTRC (late) classifications. Tumor response was defined by the RECIST scoring system as the
maximum tumor response observed during the first 6 months after the initiation of carbon ion radiotherapy. Local
recurrence was defined in terms of lesions occurring in the tumor bed.
Survival was calculated as the time from the initiation of carbon ion therapy until death. Survival curves were
estimated by the Kaplan-Meier method. ‘
All toxicities in the 46 patients receiving carbon ion therapy are listed in Table 8. All patients completed the
scheduled treatment course. Seven grade 3 acute and one grade 3 late toxicities were observed. Six of the 7 grade
3 acute toxicities were anorexia and one was cholangitis. Tumor response was evaluated in 46 lesions. CR was
observed in one lesion, PR in 7, SD in 37, and PD in one. The local control rate at 1 year in the 46 analyzed patients
and in the patients receiving 45.6 GyE or more was 76% and 95%, respectively. The overall survival estimates for
the 46 analyzed patients are shown in Fig. 3. One-year overall survival was 43%.

Table5: Acute and Late toxicities by NCI-CTC and RTOG/EORTC Scoring System

Acute (NCI-CTC) Late (RTOG/EORTC)
No. of patients GrQ Gr1 Gr2 Gr3 Gr4 No. of patients Gr0 Gr1 Gr2 Gr3 Gr4

Skin 22 22 0 0 0O O 20 20 ¢ 0 0 O
Gastrointestinal 22 18 3 1 0 0 20 20 0o 0o 0 O
Blle duct 22 20 0 1 1 0 20 2 0 0 O O
Portal vein 22 20 0 2 0O O 20 i8 0 0 2 O
Leakage 22 20 ¢ 0 2 0 20 22 0 0 O O
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Fig.3 Overall survival for patients with or without distant metastases

The maximum acute reaction of grade 3 was observed in two-thirds of the patients (67%) at 52.8 GyE. From
these results, we concluded that the maximum tolerance dose of carbon ions is 52.8 GyE/12 fractions/3 weeks.

On the basis of the literature on drugs with a sensitizing effect in conjunction with heavy particle beams, further
studies were scheduled in an effort to find even more effective treatment modalities based on a combination of
chemo- and radiotherapy. We started a Phase I/II Clinical Trial of Gemcitabine Combined with Carbon-ion
Therapy for patients with local advanced pancreas cancer from April 2007.

D Gemcitabine Combined with Carbon-ion Therapy (Protocol 0513, 12 fractions/3 weeks)

From the results of the 0204 clinical study, carbon ion radiotherapy considerably improved tumor control of
locally advanced pancreas cancer with acceptable morbidity in the surrounding normal tissues, but sufficient
survival benefit could not be achieved. On the basis of the literature on drugs with a sensitizing effect in
conjunction with heavy particle beams, further studies were scheduled in an effort to find even more effective
treatment modalities based on a combination of chemo- and radiotherapy. We started a Phase I/II Clinical Trial of
Gemcitabine Combined with Carbon-ion Therapy for patients with locally advanced pancreas cancer from April
2007.

The dose escalation schedule of Gemcitabine combined with carbon ion radiotherapy is shown in Fig.3. First the
dose of carbon ion radiation was fixed at 43.2 GyE and the dose of gemcitabine was escalated from 400 mg to 1000
mg; then the dose of gemcitabine was fixed at 1000 mg and the dose of carbon ion radiation was escalated from
45.6 Gye to 50.4 GyE. Carbon ion therapy was given once daily, 4 days a week, for a fixed 12 fractions over 3
weeks. Gemcitabine was given once weekly (Fig.5,6).

At present we are trying to give 1000 mg/m* combined with 45.6 GyE of carbon ions. All patients completed the
scheduled treatment course. This trial is still ongoing. Gemcitabine combined with carbon ion radiotherapy may be
well tolerated by patients with pancreas cancer.

Carbon-ion 43. 2GyE | GEM 48?mg/m2 |
| GEM 700mg/m2 |
JL
| GEM_1000me/n2 |
Carbon-ion 45. GGya LGEM_l_QQszAmZ__t
U
[carbon-ion 48. 0GyE | GEM 1000me/m2 |
1
Carbon-ion 50. 4GyE| | GEM_1000mg/m2_|

Fig.4 Dose Escalation Schedule (0513)
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Fig.5 Treatment schema for combination of Gemcitabine and Carbon-ion Therapy
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Abstract

Purpose: To evaluate the toxicity and efficacy of carbon ion radiotherapy (CIRT) for locally advanced cervical
adenocarcinoma by phase I/l dose-escalation study.

Methods and Materials: Between April 1998 and August 2008, 45 patients with cervical adenocarcinoma were

treated with CIRT. Histologically, 36 patients had adenocarcinomas and 9 had adenosquamous carcinomas. Fifteen
patients had stage 1IB, 28 had stage I1IB, and 2 had stage IVA disease. The dose of the whole pelvic irradiation was
fixed at 36.0 gray equivalent (GyE) in 12 fractions, and an additional dose of 26.4-38.4 GyE in 8 fractions was
delivered to the cervical tumor (total dose: 62.4-74.4 GyE). The dose to the GI tracts was limited to less than 60
GyE. The median follow-up duration for all patients was 23 months (range, 6-93 months).

Results: No patient developed severe acute toxicity. No patient developed major late complications except for one
patient with a rectovaginal fistula. Local control was obtained in 4 of the 7 patients receiving a total of 62.4-64.8
GyE, in 6 of the 9 patients receiving 68.0 GyE, in 13 of the 19 patients receiving 71.2GyE, and in all of 7 patients
receiving 74.4 GyE. The S-year local control and overall survival rates for stage I1IB or IVA patients who received
> 68.0 GyE were 64% and 46%, respectively.

Conclusions: Although the number of patients was small, the results have suggested that CIRT provided favorable
local tumor control and overall survival with acceptable rates of late complications in the treatment of locally

advanced cervical adenocarcinoma.

Introduction

The incidence of adenocarcinoma of the uterine cervix has been increasing over the past few decades (1).
Currently, cervical adenocarcinoma accounts for 10-24% of all cervical carcinomas (1, 2).

There have been only a few reports that described the treatment outcomes of patients with cervical
adenocarcinoma (3-8). According to these reports, locally advanced adenocarcinomas have a poorer prognosis
than squamous cell carcinomas because of a poorer local control rate and higher rate of distant metastasis.

Several randomized phase III clinical trials in the 1990s and meta-analyses demonstrated that the combination
of cisplatin-based chemotherapy and radiotherapy improved local control and overall survival in patients with
locally advanced cervical cancer compared to radiotherapy alone (9-12). Based on the results, concurrent
chemoradiotherapy has become the standard treatment for this disease. However, the majority of the patients
included in these studies had squamous cell histology; adenocarcinomas represented approximately 10% of the
registered patients. Therefore, the efficacy of concurrent chemoradiotherapy for locally advanced cervical
adenocarcinoma has not been thoroughly evaluated clinically.



Carbon ion beams have improved dose localization properties, and this potentiality can produce great effects
on tumors while minimizing normal tissue damage. Moreover, carbon ion radiotherapy (CIRT) has various
biological advantages in terms of high linear energy transfer (LET) radiation, including a decreased oxygen
enhancement ratio, a diminished capacity for sublethal and potentially lethal damage repairs, and diminished cell
cycle-dependent radiosensitivity compared to those observed with low LET radiation. Several reports have
demonstrated favorable results of CIRT in the treatment of malignant tumors, including head and neck cancer
(13), non-small cell lung cancer (14), hepatocellular carcinoma (15), prostate cancer (16), and bone and soft
tissue sarcomas (17).

In order to evaluate the efficacy and toxicity of CIRT for locally advanced cervical adenocarcinoma, a phase
I/IT dose-escalation study has been conducted.

Methods and Materials
1. Patient eligibility

Patients were enrolled into the study if they had medically inoperable adenocarcinoma or adenosquamous
carcinoma of the uterine cervix with International Federation of Gynecology and Obstetrics (FIGO) stage 1IB, I,
or IVA disease (except for rectal invasion). The tumor had to be grossly measurable. Other eligibility criteria
included World Health Organization performance status < 3, and estimated life expectancy of > 6 months.
Patients who had histories of prior chemotherapy, and surgery or radiotherapy to the pelvis, were excluded from
the study. Patients were also excluded if they had severe pelvic infection, severe psychological illness, or active
double cancer.

Pretreatment evaluation consisted of an assessment of the patient’s history, physical and pelvic examinations
by gynecologists and radiation oncologists, cervical biopsy, routine blood cell counts, chemistry profile, chest
X-ray, intravenous urography, cystoscopy, and rectoscopy. Computed tomography (CT) scans of the abdomen
and pelvis, magnetic resonance imaging (MRI) of the pelvis, and ''C methionine positron emission tomography
(PET) scans were also performed for all patients. Patients were staged according to the FIGO staging system, but
patients with para-aortic lymph nodes > 1 cm in minimum diameter on CT images were excluded from the study
(18). Patients with enlarged pelvic lymph nodes only were included in the study. Tumor size was assessed by
both pelvic examination and MRI, and dimensibns of the cervical tumor were measured based on T2-weighted
MRI images (18). 'C methionine PET scans were supplementally used for detecting distant metastasis. Tumor
specimens were reviewed by pathologists of the working group. All patients gave written informed consent
according to the institutional regulations.

2. Carbon ion radiotherapy

The treatment consisted of whole pelvic irradiation and local boost, with the target volume being shrunk in
three steps so that the highly concentrated dose could be delivered to the tumor without increasing the dose to
normal structures. The clinical target volume (CTV) for whole pelvic irradiation (CTV-1) included all areas of
gross and potentially microscopic disease, consisting of the primary tumor, uterus, parametrium, at least the
upper half of the vagina, and pelvic lymph nodes. Because non-enlarged lymph nodes are poorly visualized on
CT, nodal regions were defined by encompassing the pelvic vessels with a 5-10-mm margin. After completing
whole pelvic irradiation, local boost irradiation was performed. First, CTV included the gross tumor volume
(GTV) and surrounding tissues, such as the parametrium, uterine body, upper vagina, and adjacent lymph nodes
(CTV-2). Next, CTV was further shrunk to GTV only, and the intestines and bladder were completely excluded
from the target volume (CTV-3). A margin of 5 mm was usually added to the CTV to create the planning target
volume (PTV). When the tumor was located close to critical organs such as the bowel or bladder, the margin was
reduced accordingly. CTV was covered by at least 90% of the prescribed dose. The dose to the bowel was



limited to < 60 GyE. A spacer was inserted into the vaginal canal to provide a safe distance between the tumor
and the rectum (Fig. 1).
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Fig. 1. CIRT for locally advanced cervical adenocarcinoma

Fig. 1. Carbon ion radiotherapy (CIRT) for locally advanced cervical adenocarcinoma.

Isodose curves of CIRT are superimposed on axial and sagittal CT images.

Carbon ion radiotherapy was given once daily, 4 days per week, for a fixed 20 fractions in 5 weeks. The dose
to PTV was fixed at 36 GyE/12 fractions. A dose escalation study was planned in the local boost session with an
initial dose of 26.4 GyE for 8 fractions (3.3 GyE/fraction) up to 38.4 GyE (4.8 GyE/fraction) by 10% increments.
At every treatment session, the patient was positioned on a treatment couch with immobilization devices, and the
patient’s position was verified using a computer-aided, on-line positioning system. In order to minimize internal
target positional uncertainty, 100 ml of normal saline was infused into the bladder. Patients were also encouraged

to use laxatives, if necessary, to prevent constipation throughout the treatment period.

3. Assessment of toxicity and efficacy

Acute toxicity was graded according to the Radiation Therapy Oncology Group (RTOG) acute radiation
morbidity scoring system, with the highest toxicity within 3 months from the initiation of CIRT. Late toxicity
was graded according to the RTOG/European Organization for Research and Treatment of Cancer (EORTC) late
radiation morbidity scoring scheme (19). The effect of the treatment was evaluated in terms of local control and
overall survival. Local control was defined as showing no evidence of tumor regrowth or recurrence in the
treatment volume based on physical examinations, CT, MRI, PET, and/or biopsy. Local control and overall
survival rates were calculated by the Kaplan-Meier method.

Results

Between April 1998 and August 2008, a total of 45 patients with cervical adenocarcinoma or adenosquamous
carcinoma were treated with CIRT. Patient characteristics are summarized in Table 1. Mean age was 60 years.
Histologically, 36 had adenocarcinomas and 9 had adenosquamous carcinomas. Fifteen patients had stage I1b, 28
had IIIb, and 2 had stage IVA disease. Eighteen patients had enlarged lymph nodes in the pelvis. All patients had
bulky tumors measuring 3.0-11.0 cm in maximum diameter and a median diameter of 5.5 cm. All patients were
subjected to periodic follow-up. The median follow-up duration for all patients was 23 months. In the
dose-escalation study, 3 patients received a total dose of 62.4 GyE, 4 received 64.8 GyE, 10 received 68.0 GyE,
21 received 71.2 GyE, and 7 received 74.4GyE (Table 2).



Table 1. Patient characteristics Table 2. Dose escalation study of CIRT

{n=45)

No. of patients 45
Follow-up, range (median) (mo) 6-93 (23) Whole pelvis  Local boost Total No. of
Age, range {mean) (yrs) 37-85 (60) (fixed) (dose escalation) dose patients
Histology

Adenocarcinoma 36 33GYyEx8 62.4 GyE 3

Ad q carci 9
FIGO Stage 3.6GyEx8 64.8 GyE 4

b 15

3.0GyEx12

Hib 28

o 2 (36.0 GyE) 4.0GyEx8 68.0 GYE 10
Lymph node status

Negative 27 44GyEx 8 71.2 GyE 21

i 18

Posttive 48GyEx8 744 GyE 7
Tumor size

3-6 cm 23

6-8 cm 18

8 cm- 3

1. Toxicity

No patient developed severe acute toxicities in the skin, gastrointestinal (GI), or genitourinary (GU) tract
(Table 3). Seven (16%) patients developed late complications in the skin, GI or GU tract. Almost all of the
complications were classified as grade 1, but one patient developed Grade 4 late GI toxicity (Table 4). She had a
stage IIb cervical adenocarcinoma, measuring 7 cm in maximum diameter. She received a total of 68.0 GyE to
her primary tumor. Fourteen months after CIRT, she developed a rectovaginal fistula. She has been alive without
disease and intestinal problems for 73 months after receiving a colostomy. She had uncontrolled diabetes
mellitus, which may have contributed to her complication. No other patients receiving 68.0-74.4 GyE developed
major late GI toxicity (Table 5).

Table 3. Acute toxicities by RTOG scoring system Table 4. Late toxicities by RTOG/EORTC
scoring scheme
RTOG Grade RTOG/EORTC Grade
No. of No. of
Site Patients Gr.0 Gr.1 CGr.2 Cr.3 Site Patients Gr.0 Gr.1 Gr.2 Gr.3 Gr.4
Skin 45 38 7 0 0 Skin 45 44 1 0 0 0
Gl tract 45 29 15 1 0 Gl tract 45 41 3 0 0 1
GU tract 45 38 7 0 0 GU tract 45 40 2 3 0 0

Table 5. Late Gl toxicities by carbon ion dose

Total dose No. of Follow-up RTOG/EORTC Grade
(GyE) Patients (median)(mo) G0 G1 G2 G3 G4

62.4 3 8-20 (15) 3 0 o0 o o
64.8 4 10-93 (65) 2 2 0o o o
68.0 10 13-80 (66) g8 1 0 0 1
71.2 21 9.53 (23) 21 0 0 o o
744 7 615 (11) 7 0 o o o

* recto-vaginal fistula



2. Local control and survival

The relationship between carbon ion dose and local control is shown in Fig. 2. Three patients with marginal
recurrences were excluded from this analysis. Local control was obtained in 4 of the 7 patients (57%) receiving
62.4-64.8 GyE, in 6 of the 9 patients (67%) receiving 68.0 GyE, in 13 of the 19 patients (68%) receiving

71.2GyE, and in all of the 7 patients receiving 74.4GyE.

The actuarial local control and overall survival curves for all patients are shown in Fig. 3. The 3- and 5-year
local control rates were 63% and 57%, respectively. Three patients who had developed local recurrences were
surgically salvaged, bringing the 5-year local control rate, including the salvage surgery, to 70%. Twenty-four of
the 45 patients (53%) developed distant metastases, including 11 patients to the paraaortic lymph nodes, and they
subsequently received photon radiotherapy and/or chemotherapy. The 3- and 5-year overall survival rates were
57% and 42%, respectively. With regard to the stage III or IVA patients who received 68.0-74.4 GyE of CIRT,
the S-year local control and overall survival rates were 64% and 46%, respectively (Fig. 4).

100 @- 7/7 (100%)
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% & 417 (57%) e
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-g 40
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Dose (GyE) 62.4-648  68.0 7.2 74.4
Median follow-up 20Mo 73Mo 26Mo 12Mo
(range) (9-84) (13-81) (9-62) (7-15)

Fig. 2. Dose-response relationship between the dose of CIRT and local control rate (1998.4-2008.8).
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Discussion

Two phase I/II clinical studies of CIRT for locally advanced cervical cancer were carried out before this study
(20). The following results were obtained from those studies: 1) doses of 35.2-48.0 GyE in 16 fractions (2.2-3.0
GyE/fraction) over 4 weeks could be delivered safely to the whole pelvis, 2) a dose > 60 GyE to the GI tract may
have caused severe late complications. Based on the results, the dose to the whole pelvis was fixed at 36.0 GyE
for 12 fractions (3.0 GyE/fraction) over 3 weeks in the present protocol, which was assumed to be equivalent to
40 Gy of conventional photon radiotherapy. An additional dose of 13.2-19.2 GyE for 4 fractions (3.3-4.8
GyE/fraction) was delivered to the cervical tumor and surrounding tissues including the parametrium, uterine
body, upper vagina, and adjacent lymph nodes, where tumor infiltration was highly suspected. Consequently,
these lesions were given a total of 49.2-55.2 GyE. Following this, the PTV was shrunk to the GTV only, and the
GI tracts were completely excluded from the PTV. The GTV received a total of 62.4-74.4 GyE, whereas the dose
to the GI tracts was limited to <60 GyE (Fig. 1).

The incidence and severity of late complications in this study were significantly lower than those in the
previous studies (20). Only one (2%) of the 45 patients developed a major rectal complication (Table 4, 5). The
anatomical location of her cervical tumor was in close proximity to the rectum, making it somewhat difficult to
exclude the rectum from the PTV-3. She developed a rectovaginal fistula after 3 months of local infection.
Because she had uncontrolled diabetes mellitus, this concomitant disease may have had some involvement with
this complication. The lower incidence of late GI complications was considered to be attributable to the strict
dose constraint to the GI tract.

Variations in bladder and rectal filling may cause displacement of the uterus and upper vagina, leading to
systematic errors throughout the course of treatment (20, 21). Our clinical experience using repeated MRI or CT
scans during treatment also suggested that the target position might change according to the bladder volume. To
decrease such positional uncertainties, we infused a fixed volume (usually 100 ml) of normal saline into the
bladder throughout the treatment. Patients were also encouraged to use laxatives, if considered necessary, to
prevent constipation during treatment.

If a treatment plan is generated based on the single time-point assessment of the target position, tumor volume
shrinkage may also result in systematic errors throughout the treatment course (20, 22). In our past studies, we
performed treatment planning twice during the course of CIRT. However, the CTV for local boost may not have
conformed to the real tumor volume because of tumor shrinkage, and a large volume of the GI tract may have
been involved in the CTV (20). In this study, we performed treatment planning three times in accordance with
tumor shrinkage, so that CTV-3 encompassed the GTV only. This repeated treatment planning may have
minimized the internal target positional uncertainty and lessened the incidence of late GI toxicity (20).

The crude local control rates for patients receiving 62.4-64.8 GyE, 68.0 GyE, 71.2 GyE, and 74.4 GyE were
57%, 67%, 68%, and 100%, respectively (Fig. 2). This result may indicate that there is a dose-response
relationship in CIRT for cervical adenocarcinoma and that a high local tumor control may be obtained with a
dose > 71.2 GyE. However, longer follow-up periods will certainly be necessary to confirm such a conclusion,
because the follow-up period of the patients who received 74.4 GyE was still short.

Several reports have described poorer treatment outcomes for patients with locally advanced cervical
adenocarcinomas compared with those for patients with squamous carcinomas. Lea et al. treated 83 patients with
stage IIb-IVb cervical adenocarcinoma by radiotherapy or chemoradiotherapy and reported 5-year survival rates
of 30% for stage IIb and 0% for stage III-IV (6). Eifel et al. in their large series of radiotherapy reported 5-year
survival rates of 28% for stage IIb and 26% for stage III (4). In contrast, Grigsby et al. analyzed prognostic
factors by multivariate analysis and found that adenocarcinoma was not a significant prognostic factor. However,
when comparing the treatment outcomes among patients with stage III disease, the 5-year survival rate of 25%
for adenocarcinoma was lower than that of 36.7% for squamous carcinoma (7).

When comparing our treatment results with those of the previous reports, our 5-year overall survival rate of



46% for stage IIIB-IVA patients receiving 68.0 GyE or more seemed favorable (Table 6). Only a few studies
have described failure patterns in patients with stage III cervical adenocarcinoma treated by radiotherapy (4, 7).
According to those reports, local failure was observed in 39-67%. In contrast, 5-year local control of our stage
HI-IVA patients was 64% (Fig. 4). Therefore, the favorable survival rate achieved in our study may have been
attributable to the high local tumor control achieved by CIRT. Nonetheless, further study will be needed to

confirm the efficacy of CIRT in local management, as our patient number was rather small.

Table 6. Qutcomes of RT/CRT and C-ion RTfor patients
with locally advanced cervical adenocarcinoma.

No. Author Year No.  Stage Therapy 5yOS Follow-up

1) BaalbergenA 2004 22 - RraHn - 61Mo. (mean)
2) leaJs 2002 24 mn RT/ICRT 0%  33Mo. (median)
3) HopkinsMP 1891 25 m RT 8%  80Mo. (median)
4) EfelPJ 1890 46 m RT 26%  87Mo. (median)

5} QuinMA 2606 135 1]]:] RTICRT 24% NA
6) NIRS 2608 29 lliIBIIVA RTICRT 19% 38Mo. (median)

) NIRE 260024 MEVA ™ Clion RT ™ 48% ™ 28M&. imedian)
(68GYE-)

All published studies included patients with adenosquamous cell carcinoma.

1) Gynecol Oncol 92:262-267.2004. 2) Gynecol Oncol 84:115-119,2002.
3) Obstet Gynecol 72: 789-795.1991. 4} Cancer 65:2507-2514.199G.
5) IntJ Gynecol Obstetr 95, suppl 1: 43-103, 2006. {26th FIGO annual report)

In spite of the higher local tumor control, distant metastasis frequently occurred, and the survival rate was still
unsatisfactory (Fig. 3, 4). Several studies also described a high rate of distant metastasis, resulting in poor
survival (3-7). To improve the survival rate, the use of chemotherapy in combination with CIRT should be
explored.

Conclusions

Although the number of patients was small, our results have strongly suggested that CIRT provided favorable
local tumor control and overall survival with acceptable rates of late complications in the treatment of locally
advanced cervical adenocarcinoma. Further study is needed to confirm the efficacy of CIRT in the local
management of locally advanced cervical adenocarcinoma. The use of chemotherapy in combination with CIRT

should also be considered to improve the survival rate.
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Abstract

Purpose: Analysis on the results of hypofractionated conformal carbon ion radiotherapy (C-ion RT) for localized
prostate cancer was performed, with regard to normal tissue morbidity, biochemical relapse-free rate (bNED),
and patient survival.Methods and Materials: Seven hundreds and forty prostate cancer patients who received C-

ion RT established through two preceding dose-escalation studies were analyzed in regard to toxicity, survival,
and bNED. Results: Concerning radiation morbidity, no grade 3 or higher toxicities were observed either in the
rectum or genitourinary system (GU), and the incidences of grade 2 rectum and GU morbidity were only 1.9%
and 4.8%, respectively. Incidence of late GU toxicity in the patients treated with C-ion RT of 16 fractions was
lower than that of 20 fractions. Overall bNED at 5 years was 90.2%, with only four local recurrences. The bNED
of the C-ion RT of 16 fractions was comparable to that of 20 fractions. Gleason’s score, T-stage, and initial PSA
were significant prognostic factors for bNED, and T-stage and initial PSA were also significant prognostic
factors for overall survival rate. The duration of hormonal therapy also had an impact on biochemical control in
high-risk patients, but it appeared possible to apply C-ion RT with short-course hormonal therapy to
intermediate-risk patients.Conclusion: C-ion RT with the established dose fractionation regimen yielded
satisfactory bNED with very few local recurrences, and with minimal morbidity. C-ion RT of 16 fractions could
offer even lower incidence of GU toxicity than that of 20 fractions.

Introduction

Prostate cancer is a slow-growing tumor occurring in advanced-age male patients, but the incidence and
mortality rate are both rapidly increasing in Asian as well as in Western countries. Radiotherapy is one of the
treatments of choice for localized or locally advanced tumor of the prostate. In order to obtain satisfactory results,
sufficient radiation effect with desirable dose concentration is required. This tumor is relatively radio-resistant,
and severe damage to adjacent normal tissues will have deleterious effects on the quality of life after the
treatment.

Carbon ion radiotherapy (C-ion RT) may be the ideal radiation treatment for prostate cancer because of the
unique physical and biological advantages of carbon ion beams (1). The successful results obtained with novel
conformal radiotherapy techniques, such as three-dimensional conformal radiotherapy (3DCRT) and intensity
modulated radiotherapy (IMRT) (2-4), are evidence that dose conformity confers clear advantages to the
radiotherapy of prostate cancer. Carbon ion beams offer superior dose conformity in the treatment of deep-seated
tumors compared to the state-of the-art techniques of X-ray therapy, and therefore C-ion RT possesses a greater
potential of further improving the treatment outcome of prostate cancer (1).

In this respect, high-linear energy transfer (LET) radiation therapy with fast neutrons was found to yield an
excellent tumor control rate. Its unacceptably high toxicity (5,6), however, has stood in the way of this therapy
coming into wider use. The high incidence of morbidity associated with fast neutron therapy was mainly due to
an inferior dose concentration of neutron beams. This problem, however, can be solved by the use of heavy



charged particle beams, such as carbon ions, without foregoing the radiobiological advantages of high LET
radiation.

To establish an appropriate dose fractionation regimen for C-ion RT, two phase I/II clinical studies have been
performed (7-9) at the National Institute of Radiological Sciences, Chiba, Japan (NIRS) since 1994, using carbon
ion beams generated by the Heavy Ion Medical Accelerator in Chiba (HIMAC). A phase II clinical study was
then started in April 2000, using the established treatment method of hypofractionated C-ion RT with the
recommended dose of 66.0GyE in 20 fractions over 5 weeks that had been proved effective in the phase I/II
studies (10,11). The safety and efficacy of this treatment strategy of C-ion RT was further confirmed with this
phase II study, and approval for its use as a highly advanced medical technology was obtained in November
2003 (9-11). This article presents the methods and updated outcomes of this established C-ion RT, and also
describes its future prospects at NIRS.

Materials and Methods
1. Protocols

So far, a total of 919 patients have been enrolled, 97 patients in the first two phase I/II studies, 176 in the
phase II study, and 646 after official approval for the application of the procedure as a highly advanced medical
technology (Table 1). Of this total, 740 patients received the established treatment of C-ion RT, and were
followed up for at least 6 months and analyzed.

Tablel.Clinical studiss of C-ian RT ferprostate cancerat NIRS

Protocol StudyDesign  T-siaze  Perbd (Tsyhé% Honm;n m"

9482 Phasel/II TDH-T3 950~ 5400~ (4] 5
Dest escalation 97.12 T20/28
9783  Phasel/Il
Deseescahation TL-T2a 98.1~ 689~ e 20
0.2 66.0/28
Fixed dose TH-T3 66.8720 &) 2
9504 Phagell T1-T3 10.d~~ 668720 High*(® 178
Fixed dose 5.1l Low*({)
TI-T3 03.]12- 66.0,63.020 High*>2dm 646
.2 57.6/16 Interm*=6m
Low*¢{)
Total 956 ~—~089.2 219

*Sixatified by xisk factors; Clmical stage, initial PSA, and Gleasen scoxe

Patients were eligible if they had histologically proven prostatic adenocarcinoma, that is,. stage T1, T2 or T3
primary tumors (12) without radiologically detectable distant metastasis (M0), involvement of regional lymph
nodes (NO, pNO), or solitary, non-fixed involvement of regional lymph nodes diagnosed by staging pelvic
lymphadenectomy (pN1). Eligible patients were required not to have undergone previous treatment for prostate
cancer except for hormone therapy. All patients signed an informed consent form approved by the local
institutional review board. Pathological specimens were reviewed centrally before registration, and those of the
phase I/II studies were reviewed retrospectively.

Until September 2005, patients were stratified into two subgroups, high-risk and low-risk groups according to
T-staging, Gleason’s score (GS), and initial serum PSA. Thereafter, the high-risk group was further divided into
two groups — an intermediate-risk group and a true high-risk group. For the true high-risk group patients,
namely, patients with T3 primary tumor, GS > 8 or a serum PSA value > 20 ng/ml, long-term (> 24 months)
hormonal therapy was applied in combination with C-ion RT. Patients in the low-risk group, that is, T1/T2a
patients with GS < 7 and serum PSA < 20 ng/ml, received only C-ion RT. For the intermediate-risk group



patients, consisting of those with a serum PSA value < 20 ng/ml and T2b primary tumor or GS of 7, combined
treatment of C-ion RT and short-course (6 months) hormonal therapy was performed (Fig.1).

Withe ut ADT*

With short-term ADT (6m)

*ADT; Androgen Deprivation Therapy
Figure 1

Fig. 1 Current treatment strategy for prostate cancer at NIRS
Patients were divided into three risk groups of high, intermediate, and low, according to their T-stage,

initial PSA, and Gleason score.

2. Carbon Ion Radiotherapy
1) Treatment techniques
In order to make good use of excellent dose concentration of carbon ion beam, it is extremely important to
keep high precision and sufficient reproducibility in the patient positioning and field. Techniques we applied
were;
a) Rigid immobilization
b) Volume control of the rectum and the bladder
c) Precise field-localization with bony structure
a) Rigid immobilization
The feet and head of patients were positioned in the customized cradles (Moldcare; Alcare, Tokyo, Japan) and
the pelvis was immobilized with a low-temperature thermoplastic of 3 mm thickness (Shellfitter; Keraray Co,
Ltd, Osaka, Japan). A relatively thick body-shell can give mild pressure on the lower abdominal wall and reduce
organ motion in the pelvis. With this method of immobilization, intra-fractional motion of the prostate was
evaluated less than 2 mm and, therefore, respiratory gating was not used.
b) Volume control of the rectum and the bladder
Bladder was filled with 100ml of sterilized water both at the time of CT acquisition and at each treatment
session in the case of beam irradiation in the vertical direction. The patient was instructed to empty the rectum as
much as possible just before the treatment and a laxative or enema was used, if necessary. Amount of gas in the
rectum was carefully observed by positioning images and the set-up was repeated unless the rectum was empty
enough.
c) Precise field-localization with bony structure
At every treatment session, the patient’s position was verified with a computer-aided, on-line positioning
system. The patient was positioned on the treatment couch with the immobilization devices, and digital
orthogonal x-ray television images were taken in that position and transferred to the positioning computer. The
positioning images were compared with reference images, which were checked to confirm their match with the
digitally reconstructed radiograph (DRR). Any differences, if found to exist, were measured. The treatment
couch was then moved to the matching position until the largest deviation of all measured points was less than
2mm.



2) Treatment Planning

A set of 2.5-mm-thick CT images was taken for treatment planning, with the patient placed in immobilization
devices. Three-dimensional treatment planning was performed using HIPLAN software (National Institute of
Radiological Sciences, Chiba, Japan) (13). Clinical target volume (CTV) was defined as consisting of the
prostate and the seminal vesicle (SV) demonstrated by CT images, irrespective of T-stage or other risk factors.
MRI was also taken in all the patients and used as a reference for defining CTV. However, the whole SV should
not always be included in the CTV, in the case of patients with a low risk. Thus, for example, the CTV of the
patients staged as T1 or T2a did not cover the SV tips. Further, anterior and lateral safety margins of 10mm and
a posterior margin of Smm were added to the CTV to create the initial planning target volume (PTV-1). In order
to reduce the dose to the anterior rectal wall, a rectum-sparing target volume (PTV-2) was used for the latter half
of the C-ion RT, where the posterior margin was reduced to the anterior boundary of the rectum. Evaluation of
the plan was routinely performed at the case conferences before the actual treatment, using the dose-volume
histograms (DVH) for the CTV, PTV-1, PTV-2, and the rectum. Particularly, the DVH of the rectum was
evaluated with comparing the reference DVH that was obtained from the analysis using actual DVH data of
preceded dose-escalation studies. If the rectal DVH of the new patient was beyond the reference DVH at the
high dose area, the treatment planning was revised.

C-ion RT was given once a day, 4 days a week (Tuesday to Friday). One port was used in each session.
Patients were treated from 5 irregularly shaped ports, one anterior-posterior port and a pair of lateral ports for the
PTV-1 and another pair of lateral ports for the PTV-2. A hundred % of the prescribed dose was given at the
maximum dose point of each portal. The PTV-2 was covered by at least 90% of the prescribed dose and the
minimum dose of the PTV-1 was more than 50% of the maximum dose and depended on the volume spared by
PTV-2.

Dose was expressed in Gray-Equivalent (GyE = physical carbon ion dose (Gy) x Relative Biological
Effectiveness {RBE}). Irrespective of the size of the Spread-Out Bragg Peak (SOBP), the RBE value for carbon
ions was estimated to be =3.0 at the distal part of the SOBP. The compensation bolus was fabricated for each
patient to make the distal configuration of the SOBP similar to the PTV. The multi-leaf collimator or the
customized brass collimator defined the margins of the PTV. Fig. 2 shows the representative dose distribution.

Fig. 2 Typical dose distribution of carbon ion radiotherapy

The irradiated dose was fixed at 63.0GyE or 66.0GyE/20fractions as the recommended dose fractionation
schedule established in the two previous phase I/II studies involving dose escalation from the initial dose of
54.0GyE/20fractions to 72.0GyE/20f in 10% increments (11). In addition, more hypofractionated schedule of
57.6GyE/16fractionas was applied since September 2007. This newly applied fractionation had been tested in the
other patients group who could not enrolled to the clinical studies because of the prolonged neoadjuvant
hormonal therapy since April 2003.



3. Androgen Deprivation Therapy (ADT)

Before C-ion RT, neoadjuvant androgen deprivation therapy (ADT) such as medical or surgical castration
with or without antiandrogen was applied for 2 to 6 months to the patients of the high-risk and intermediate-risk
groups. Adjuvant ADT was continued for a duration of 6 months for the intermediate-risk patients and for more
than 24 months for the high-risk patients. The median duration of ADT of 622 patients receiving combined
treatment was 24.1 months. The remaining 118 patients received C-ion RT only.

Results

Of the 740 analyzed patients, 427 (57.7%) were categorized as high-risk, 179 (24.2%) as intermediate-risk,
and 134 (18.1%) as low-risk according to our definition of risk grouping. The average pretreatment PSA value
was 26.1 ng/ml, with a median of 13.5 ng/ml and a range of 3.4 - 810.0 ng/ml. Two hundreds and sixty eight
(36.2%) patients had an initial PSA value of more than or equal to 20 ng/ml. Two hundreds and forty three
(32.8%) patients had T3 primary tumors and the remaining 497 (67.2%) had T1 or T2 tumors. One hundred and
eighty eight (25.6%) patients had GS of less than, or equal to 6, 335 (45.6%) had GS of 7, and 212 (28.8%) had
GS of more than, or equal to 8. Median follow-up period was 33.8 months at the time of analysis.

1. Toxicity

The cumulative incidence of late rectum and genitourinary morbidities in the 664 patients treated with either
of 20 fractions or 16 fractions and followed up more than 12 months are summarized in Table 2. None of the
patients had developed grade 3 or higher morbidities up to the latest follow-up. Grade 2 morbidities of the
genitourinary system and rectum were observed in 4.8% and 1.9% of the patients, respectively. Regarding the
effect of alteration in dose fractionation, both the rectal and GU toxicity in 66.0GyE/20f were a little more
frequent than those in 63.0GyE/20f or 57.6Gy/16f. Incidence of rectal toxicity in 63.0GyE/20f and 57.6GyE/16f
are comparable, whereas incidence of GU toxicity in 57.6GyE/16f is even lower that that in 63.0GyE/20f.

Table2.Laie gastrointestinal and genitouwrinary moxhidity after
C-ien RT inpatienis followed wp more than 12months

Dose Nopis. __Rectum _ Bladderfureihra
GyE/L Gradel G1 & G3 Graded Gl G2
§6.0/20 250 199 43 8 0 99 1 21 O
Ch e 12 G2 M @12 G4 68H M
§3.0120 21é 191 21 4 0 122 86 8 0
o) @H on a9 o G65) M8 AN O
57.6/16 198 I 2 0 13 62 3 0
¢ H 66 A O 1) 6L AnH M
Total 664 562 81 14 0 348 284 32 O
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2.Survival and Tumor Control

The Kaplan-Meier estimates of overall and biochemical relapse free (bNED) survivals for the 740 patients at
five years were 95.4% and 90.2%, respectively (Fig.3). By the date of analysis, 22 patients had died, 5 of
metastasis from the prostate, and 17 of other malignancies or intercurrent diseases. So far, no patient belonging
to the low-risk and intermediate-risk groups has died of prostate cancer.

A total of four patients, three presenting with slowly elevated PSA and positive biopsies at 24 months, 38
months, and 48 months after C-ion RT, and one with apparent growth of tumor on the MRI images, were judged
as having local recurrence. By the date of analysis, 43 patients met the Phoenix criteria of biochemical failure:



more than 2.0 ng/ml rise of PSA from the nadir. Of these 43 patients, 19 patients were diagnosed as having
metastasis — 8 in bone and 11 in paraaortic or pelvic lymph nodes — 2 to 62 months after biochemical relapse, 4
were judged as having local recurrence, and the remaining 20 patients had no clinical evidence of recurrent
lesions at the date of analysis.
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Figure indicates S-year rate of each curve.

3.Prognostic factors

Additional analysis was carried out to evaluate the influence of several prognostic factors on bNED and
overall survival (OS), such as pretreatment serum PSA, GS, clinical stage, and dose fractionation. As a result,
initial PSA of more than or equal to 20.0ng/ml was a significant factor for lower bNED and OS. Five-year bNED
and OS in T1/2 patients were significantly better than those in T3 patients. However, the 5-year bNED of 89.6%
was remarkably high compared to other radiotherapy series for T3 patients. The centrally reviewed GS also had
significant influence on bNED, as 5-year bNED of the patient subgroup with GS > 8 was significantly lower
than those of the subgroups with GS < 6 and GS = 7, though OS was not significantly different (Table 3).
Regarding the effect of altered fractionation on bNED, there was no difference among the patients treated in 20f
and those in 16f (Fig. 4). On the basis of these results on bNED and toxicity, that is relatively low toxicity with
comparable bNED in 16 fractions, we started to treat all new patients with a dose fractionation of 57.6GyE/16f
in September 2007.

Table 3. Biochemical relapse free raie (hNED) and onerallsurvival
rate (OS) according to risk factors

5-year rates (W)
Nopts. BNED  p-value OS5 p-value
AR 590 %4 94.7
Stage Ti2 487 24.1 0.0081 1.6 0.0129
3 183 83.2 89.6
PSA <20 385 26 00531 953 00432
2< 205 87.8 915
Glasonscore <6 157 927 — T00169 T T T %I
T 260 94.7 0.0086 9.0 ns.
8< 173 785 904




Discussion

In this article, the patients treated with the carbon ion radiotherapy (C-ion RT) procedure established in our
phase I/II clinical studies were analyzed. The results have demonstrated that C-ion RT achieves a very high
biochemical control rate with a relatively low morbidity. A high rate of biochemical control was achieved as a
result of the excellent dose concentration associated with C-ion RT and the efficient application of hormonal
therapy. A number of studies using radiation therapy in combination with hormonal therapy have also indicated
a high rate of biochemical control (13-14). Comparing the bNED and survival rates of our series with the studies
in the literature, both were even better than those of the combinations of hormone therapy and conventional
photon radiotherapy (Table 4). We presume this to be due to the positive impact of carbon ion beams on local
control.

Table 4. Comparing NED and swrvivalrate of C-isn RT with ether studies
sfcombined treatment of hormone therapy and radiotherapy

Studies No.pis.  Siage Dose Hormone BNED  Swviral

(Gy/fr) (%) %)
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207 @ 1l 19

RTOG** 468 T13 65-7005 o] 20 T
8531Phase 111

477 ) 53 TS

Cubonm &I 339 Highrisk 6;1663(%% ()] 8 3

EORTC: Ewxepean Organization fox Researchand Treatwendof Cancer; NEng J Med 1997;337: 295300, Bolla M. etul
RTOC: RadiatfonTharapy Oncology Creup; LIROEP 2000; 473 617627, MackTeachI etal

In photon radiotherapy, the rate of local recurrence can be affected by the actual volume or pathological
differentiation of tumor tissue. However, high LET radiation can be expected to be more effective for large-
volume, poorly differentiated tumors compared to photon irradiation, and, in fact, very few local recurrences
were actually observed in our series, even in the T3 tumor with a high GS. Although the evaluation of local
control after radiotherapy of prostate cancer is a controversial issue, it is clear that high bNED cannot be
achieved without sufficient local tumor control. The very high bNED aftained in the patients of the
intermediate-risk group indicated that biochemical failure occurred only in patients with high risk factors for
metastasis, such as high PSA, T3, or poorly differentiated histology. This strongly suggests that eradication of
cancer tissues in the prostate was achieved by C-ion RT in most patients.

A very low incidence of rectum morbidity was recorded, and this is ascribable to the physical properties of
heavy charged particles in terms of dose conformity. This also substantiates the validity of our methods of
patient positioning and target setting, and of our irradiation techniques. In addition, the acceptable incidence of
genitourinary morbidity and the very high efficacy against local tumors confirm the accuracy of our dose
calculation, the biological advantage of carbon ion beams, and the effect of a relatively high dose by a
hypofractionated schedule.

A further move in the direction toward a more hypofractionated regimen of 16 fractions over 4 weeks has
already been made. In 274 patients treated with a C-ion dose of 57.6 GyE in 16 fractions, bNED was comparable
to that of 66.0GyE/20f or 63.0GyE/20f, and incidence of GU toxicity was even lower. Therefore, this new dose
fractionation is applied to all new patients at the NIRS.



Conclusions
In conclusion, carbon ion radiotherapy administered by hypofractionated schedule is an effective and safe

option in the treatment of locally confined prostate cancer. With an appropriate use of hormonal therapy,

satisfactory biochemical control can be achieved even in high-risk patients. Trials with greater hypofractions
have started at NIRS with the aim of establishing even more sophisticated methods of C-ion RT.
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Purpose:
To evaluate outcome and toxicity after carbon ion radiotherapy (RT) in skin carcinomas.

Patients and Methods:

Between November 2006 to March 2009, forty-five patients with squamous cell carcinoma of the skin
(n=16), basal cell carcinoma of the skin (n=12), malignant skin melanoma (n=7), Bowen’s disease (n=8) and
Paget’s disease (n=2) were treated with carbon ion RT at Heavy Ion Research Facility in Lanzhou (HIRFL)
within a Phase I trial. Two and three-dimensional conformal irradiation methods realized by the passive beam
delivery system and the average RBE of 2.5-3 within the target volume were used in the trial. In 45 patients,
there were 12 with failures or recurrences of conventional RT and 17 with recurrences of surgeries. They
received total doses and fractionations (fr) of 42-70.4GyE/4-10fr for squamous cell carcinomas,
54.8-70GyE/6-11fr for basal cell carcinomas, 61-75GyE/6-7fr for malignant skin melanomas, 40-60GyE/6-7fr
for Bowen’s diseases and 36-42.5/6-8fr for Paget’s diseases, with a weekly fractionation of 7x3-15
GyE/fraction. Local control rates were estimated according to WHO criteria and acute and late side effects were
scored according to the Common Toxicity Criteria (CTC). Results: Forty-four patients were followed-up and
one was lost to follow-up. The mean follow-up was 15 months with ranging from 3-24 months. All of the
tumors responded well to the treatment. Two-year local control rates were 90%, 96.7%, 100%, 94% and 100%
for squamous cell carcinomas, basal cell carcinomas, malignant skin melanomas, Bowen’s diseases and Paget’s
diseases, respectively. Progression-free survival was 100% at one year and 92.3% at two year for 26 patients
(who were followed-up longer than two year). No severe side-effects > CTC grade III have been observed.

Conclusions:
The preliminary results demonstrated that heavy ion radiotherapy offers high local tumor control rates
without significant toxicity to the surrounding normal tissues for patients with skin carcinomas, although the

follow-up was short.
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1. Introduction

The pioneering work in carbon ion radiotherapy by Japanese and European investigators has generated great
enthusiasm. However, as a particle therapy center is certain to be an extremely complex and expensive medical
facility, it may become a source of disagreement in the radiation oncology community.

The paradigm of drug development in medical oncology from phase I to phase II to phase III trials remains
unaltered, but this is not the case in radiation oncology.

According to the presentations at the NCI “Workshop on Advanced Technologies in Radiation Oncology” in
December 2006, there were only a few level-I trials of implemented new technologies in radiation oncology.
For protons, the physical proof of better depth dose characteristics, virtually identical biological effects
compared with X-rays, and the fact that decreased doses to normal tissues always result in decreased toxicity,
argue against conducting phase I1I trials comparing protons with X-rays. ®

Radiation oncology has not, until this decade, seen such dramatic changes in technological innovations, and they
give rise to new and complicated issues. What kind of studies should be carried out to sort out the indications,
advantages, and disadvantages? In this presentation, the issue of the evaluation of the clinical results of carbon
ion radiotherapy and their comparison with other modalities will be discussed.

2. Carbon Ion Radiotherapy Clinical Trial at HIMAC

The carbon ion radiotherapy program was initiated based on the rationale of exploiting the high physical
selectivity of carbon ions, as well as their high LET, with the attendant potential radiobiological advantage for
selected tumor types. From the beginning all carbon ion radiotherapies were carried out as prospective phase I/Il
and II clinical trials in an attempt to identify tumor sites suitable for this treatment, including radio-resistant
tumors, and to determine optimal dose-fractionation, and especially for hypo-fractionation, in common cancers.
Our ultimate goal is to prove the efficacy and safety of carbon ion radiotherapy in cancer treatment.
Conducted carbon ion radiotherapy protocols and their time lines are summarized in Table 1. A total of 46
protocols have been conducted. The number of patients receiving carbon ion radiotherapy has already reached
more than 4,000, and in the year 2008 more than 700 patients were treated in such protocols at NIRS.

Clinical studies revealed that intractable cancers such as advanced head and neck cancer, large skull base
tumors, pelvic recurrence of operated rectal cancer, and inoperable sarcomas can be cured, and cancers in the
lung, liver, and prostate can be cured safely with a shorter treatment period. ®

3. Should Carbon Ion Radiotherapy be Subjected to Randomized Clinical Trials?

When comparing various therapies, the results of randomized controlled studies provide the strongest
evidence. Dr. Lawrence, the chief editor of the Journal of Clinical Oncology, has made the following statement
about the need for phase III (randomized controlled studies) when comparing different therapies, or different
types of therapeutic equipment, in the field of radiation oncology: “In medical oncology, there is a need to
compare drug treatment A to drug treatment B. It is not possible to determine which is better without carrying
out a randomized trial. In radiation oncology, one can know, based on physics, that protons deliver a better dose
distribution than photons or that IMRT is superior to three-dimensional conformal therapy. If treatment planning
and delivery are carried out using consistent methodology, there is no debate; this is a matter of physics. The big
question is: is any observed difference clinically meaningful enough to justify the added expense? What kind of
trial needs to be designed to answer this question? Would it be difficult to run a randomized trial in the United
States asking whether a treatment that is superior based on physics translates into superior patient survival
and/or quality of life? Would patients permit themselves to be randomly assigned to the standard but less
expensive therapy?” @

Progress in radiation oncology is inextricably linked to the development of treatment facilities, however
almost no randomized controlled study has been conducted for the purpose of the introduction of any new
modality. In fact, no randomized controlled study was conducted in the shift from cobalt to LINAC, but if there
had been there would have been little difference between cobalt and LINAC in the treatment results in patients
with early glottic cancer. Cobalt irradiation has advantages in terms of both cost and equipment maintenance,
and the results of LINAC may be poor unless a suitable energy is selected. Cobalt is sufficient to treat laryngeal
cancer, and it may be unnecessary to introduce LINAC to achieve successful treatment for this cancer. In recent
years, however, treatments with cobalt have been significantly reduced in developed countries. The distribution



of the very-high-energy x-rays of LINAC allows safer treatment of deeply situated targets, and the design of a
study to determine the difference between cobalt and LINAC in patients with glottic cancer is itself a problem.

In any case, the question remains “Should Carbon Ion Therapy be Subjected to Randomized Clinical Trials?”
What must be seen in a phase II study to justify moving to phase II1? No matter how exciting the laboratory
technique and how great the improvement in animal models, there must be evidence that the method is
transferable to humans and that successes in the laboratory can be reproduced in humans. Further, there must be
real promise of improvement in phase II studies in human tumors. There is real promise of improvement in our
carbon ion radiotherapy results presented at this meeting, and it justifies the move to phase IIL.

4. From Phase II Clinical Trials to Randomized Clinical Trials (RCT)

However, before moving to a phase III study, several questions are raised. First, are there comparable phase II
results in other modalities? If the answer to the first question is yes, do those modalities use the same eligibility
criteria? And third, how do we recruit the patients for the phase III trial? Our patients often travel long distances
to Chiba seeking carbon therapy. Finally, we charge patients more than $30,000 USD for carbon ion therapy;
how do we fund such a trial? Carbon ion radiotherapy is successful in advanced head and neck cancer, large
skull base tumors, recurrent rectal cancer and inoperable sarcomas that are not treatable by other means. For
these intractable diseases, it is clear that there are no ample data with other modalities. For these diseases, there
is no idea how to conduct a phase III study and to obtain consent from patients. Hence, the answer to the
question, should carbon ion therapy be subjected to randomized trials, is “No” in these intractable diseases. In
lung, liver, and prostate cancer, promising results have been obtained with carbon ion radiotherapy. A
randomized controlled study might be possible in these rather common cancers. However, as described above,
patients are traveling long distances to Chiba to obtain carbon ion therapy. It will be very hard to obtain consent
from these patients for a randomized trial. Thus, our answer to the question is that it is untenable. RCT provides
the firmest evidence in various clinical settings, but it is too difficult to conduct RCT for assessment of new
radiation therapy technologies.

5. Methodologies for Critical Assessment of New Health Technologies

We radiation oncology researchers need to develop new methodologies for critical assessment of new health
technologies as a complement to RCT. Possible future comparative studies of carbon ion radiotherapy may
include the following: 1) multi-institutional prospective clinical studies using the same protocols that can be
applied to other therapies (non-randomized concurrent clinical trial), 2) matched-pair controlled studies in
subjects matched to those receiving other therapies, and 3) RCT between carbon ion and proton or other
high-tech radiotherapies.

Comparative studies, feasible at present, to further clarify the usefulness of carbon ion radiotherapy at various
indications, include those in which the same protocol applied to other therapies is followed, the backgrounds of
the subjects are matched, and the treatment desired by the study participants is performed. In this case, consent
from study participants can be easily obtained, the study cost is low, and an agreement among the participating
facilities is relatively easily obtained, as the treatment desired by the patients is provided by the co-operating
institutions. For realizing this type of comparative study, a project team has been organized to conduct a
multi-institutional prospective prostate cancer study in all particle therapy facilities in operation in Japan. This
study is expected to start within 1 or 2 years. This could represent a new methodology for the assessment of new
radiotherapy technologies. Another method would be to determine the inclusion criteria for patients already
treated and then to comparatively analyze the therapeutic results in a matched-pair study. This is feasible if
consent is obtained from the institutions that performed the treatments being compared. We conducted a
matched-pair study of sacral chordoma with patients treated at the Massachusetts General Hospital in Boston
with proton therapy. ® However, there were only a few matched cases in both institutions and were not able to
carry out the comparison. Nonetheless, this can be retried with other institutions or performed with more
common cancers.

6. Summary

At present, most of the patients receiving carbon ion radiotherapy at NIRS visit the clinic seeking this specific
modality, and it is difficult to obtain consent for a randomized controlled study from these patients and it may be
unnecessary to conduct a phase IIT trial. However, in selected tumors where the high-LET benefit could be
appreciated, we can participate in randomized studies. Finally, studies aimed at clarifying the usefulness of
carbon ion radiotherapy and elucidating any advantages from hypo-fractionation should be considered. A
multi-institutional prospective non-randomized concurrent phase II clinical trial is one such new approach, and it
will be proposed not only to the Japanese, but also to the international community of particle therapy and
radiation oncology.
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Abstract

At the National Institute of Radiological Sciences (NIRS), over 4000 cancer patients have been treated by heavy ions
with an impressive success rate. There are clinical, physical and biological factors behind this achievement, and in
this presentation a few critical biological issues are discussed. Besides the physical advantage of the dose distribution
of heavy ions, two important biological factors exist; one of them the inhibition of DNA double-strand break (DSB)
repair by heavy ions and the other the reduced variation of cell survival levels throughout the cell cycle. The repair of
DNA DSB was examined using constant field gel electrophoresis as well as gamma-H2AX assay, and both
techniques clearly showed a significant inhibition of initial rejoining of DSBs induced by 70 keV/pum carbon ions.
The degree of repair inhibition seems to be reflected in the radiation cell survival level. Using synchronized CHO
cells, we investigated cell survival levels throughout the cell cycle with carbon ions, and the result was compared
with that with X-rays. Our data indicated that much less variation in the cell survival level was observed when
carbon ions were used to irradiate cells. Moreover, gene expression studies using a unique method developed at
NIRS provided new insight into biological damage induced by heavy ions. These data together provide biological
reasons for the successful outcome reported at the heavy ion facility at NIRS.

Introduction

It is generally believed that high linear energy transfer (LET) heavy ion radiation can induce a more complex type
of DNA damage to cells, specifically DNA double-strand breaks (DSBs), than traditional X-rays or gamma-rays, and
this, in turn, leads to a higher rate of killing of tumor cells when these lesions are not repaired [1-12]. As mentioned
elsewhere, the physical dose distribution of heavy charged particles with the Bragg peak gives further advantage to
treating tumor tissues more selectively and evade surrounding normal tissues.

Another important biological aspect of high LET heavy ion radiation is its reduced cell cycle dependency of cell
survival rate. For mammalian cells in general, late S-phase cells are the most resistant, and cells in the mitotic phase
are the most sensitive to low LET radiation sources [13]. In contrast, with high LET heavy ion radiation, the cell
cycle responses seem much more modest. In 1975, using an accelerator available in Berkeley, Bird and Burkib [14]
showed that the cell survival levels throughout the cell cycle phases are fairly similar, with no distinct dependency on
the location of cells in the cell cycle. Although these data are very important and useful for heavy ion radiobiology,
there have been almost no similarly repeated experiments using other heavy ion facilities. Recently, we have
repeated the experiment with synchronized mammalian cells at the heavy ion medical accelerator (HIMAC) in Chiba,
and some of the significant results are presented.

In this manuscript, data on DNA DSBs and their repair are presented first. Then some recent gene expression
studies are described, followed by data on radio-sensitivity throughout the cell cycle with high LET irradiation.



Material and Methods
Cell survival and irradiation

Cells were irradiated with a Shimadzu Pantak HF-320 X-ray machine at a dose rate of 0.93 Gy/min. All heavy ion
irradiations were performed at the heavy ion medical accelerator in Chiba (HIMAC) at the National Institute of
Radiological Sciences (NIRS). We chose the LET value for carbon ions (290MeV/n, original energy) to be 70
keV/um. Lucite absorbers (146 mm H,0O equivalent thickness) were used to obtain the desired LET value. Under this
condition, about 50% of the original carbon beams remained (corresponding beam energy = ~ 40MeV/n). All cell
survival experiments were performed using the conventional colony formation assay [15].

Cell synchronization

Synchronized cultures were obtained from exponentially growing cells by the technique of mitotic selection, using
mechanical shake-off [14]. Throughout the shake-off procedure, pre-warmed medium was used to maintain the
physiological temperature. The decanted suspension of selected cells was counted, and appropriate dilutions were
made for plating cells for colony formation.

DNA DSB repair (constant field gel electrophoresis)

The method has been reported previously [16]. Immediately after irradiation (20 Gy) on ice, the medium was
replaced with warm medium and cells were incubated in an incubator (37°C) for repair. At each repair point, cells
were washed, trypsinized on ice for 20 min, and washed again in cold medium. The resulting cell pellets were
embedded in 1% agarose (InCert agarose, FMC) at a density of 1.5 X 10° cells/ml, and placed on ice. These agarose
samples were cut into plugs, and placed in lysis solution (TREVIGEN) containing proteinase K for 1 h on ice, and
incubated for 24 h at 50°C. The plugs were equilibrated in TE buffer (SIGMA, pH 8.0), loaded on 0.6% SeaKem
Gold agarose gels (Cambrex), and subjected to electrophoresis at 0.6 V/cm in 0.5 X TBE buffer for 36 h. The gel was
stained with ethidium bromide and de-stained. The fluorescence intensities were measured with a UV
transilluminator and a digital camera with an orange filter. NIH Image software was used for the analysis of DSB
damage, and the fraction of released DSBs was calculated.

DNA DSB repair (H2AX)

The fixation and staining method for immunocytochemistry closely followed that previously described by
K.Rothkamm and M.L&brich [17]. For immunostaining, cells were cultured on flaskettes and synchronized into G1
phase by isoleucine deprivation as described above. After irradiation, cells were fixed in 4% paraformaldehyde for 15
min, washed 3 times in PBS for each 10 min, permeabilized for 5min on ice in 0.2% Triton X-100, and sites that
may have nonspecifically bounded the detecting antibody probe were blocked in PBS with 10% goat serum for
3 washes of 10 min each at room temperature. The flaskettes were then incubated with anti-y-H2AX antibody
(Trevigen) for 1 h, washed 3 times in PBS for 10 min each, and incubated with FITC-conjugated goat anti-rabbit
secondary antibody (Sigma) for 1 h at 37°C. Cells were washed 4 times in PBS for 10 min each, and mounted by
using Slow Fade (Molecular Probes) to reduce photobleaching during observation. Images of cells were obtained
using an Olympus A70 fluorescence microscope equipped with an image analysis system. The processed images
were stored and cells from these were later scored.

Gene Expression

Gene expressions were studied with the HICEP method developed at NIRS, and the details are available from

previous publications [18,19].

Results
Repair of DNA DSB is inhibited by 70 keV/um carbon ion irradiation

We analyzed repair of DNA DSB using a gel-based assay. Fig.1 shows the results of DNA DSB rejoining kinetics
in prostate cancer cells (DU145) irradiated with X-rays and 70 keV/um carbon ions using constant field gel
electrophoresis (CFGE) technique. The corresponding radiation cell survival levels are also shown in the figure.
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The rejoining kinetics of DNA DSB with carbon ions was clearly impaired when compared to X-irradiation. The cell
survival data with these two radiation sources seem to reflect the rejoining ability shown in this figure.

The gel assay we used above is useful; however, the radiation dose (e.g., 20 Gy) necessary for this assay is
comparatively high and the data from the gel-assay cannot be compared with the cell survival data. Thus, we
employed an immuno-staining focus assay to detect DSB repair. Fig. 2 shows the DSB appearance/disappearance
kinetics using sensitive gamma-H2AX assay; the dose used here was 1 Gy for all radiation sources. As expected, the
foci with X-irradiation disappeared quickly, while the foci with 70 keV/um carbon ions disappeared much less
efficiently. Moreover, the kinetics of foci appearance induced by 13 keV/um carbon ions (the flat dose distribution
part before the Bragg peak) behaved similarly to the kinetics obtained with X-rays.
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These useful data obtained at low doses reaffirmed the more severe biological outcome with high LET heavy ions.
The DSB repair data were also shown to reflect the data at the chromosome level [e.g., 20].

Gene expression studies provide different patterns for high LET radiation
At NIRS, we have a unique system to detect gene expressions [18,19]. This sensitive method is called HiCEP
(high coverage expression profiling) and was able to give us some new insights with high LET irradiation. Although

variations in well-known genes for DNA damage responses were detected with high LET irradiation, we found some
genes that are continually over-expressed only with high LET heavy ions, but not with low LET irradiation. ATF3 is



one of these genes, and its significance is under investigation. In addition, we found a gene that was significantly
down-regulated with both high and low LET irradiation, and it was identified as ASPM (abnormal spindle-like
microcephaly associated gene) and has been partly characterized [21].

Variation in radiation cell survival levels throughout the cell cycle is modest with high LET heavy ion
irradiation

Using synchronized Chinese hamster V79 cells, Bird and Burki [14] showed that the survival curve variation was
found for X-rays as a function of cell cycle stages, while reduced variations of cell survival levels were found for
heavy ion irradiation depending on the LET values. In the case of X-rays, there was a clear radio-resistant peak in the
late S-phase. When carbon ion irradiation was applied (LET: 191 keV/um), they did not find a variation throughout
the cell cycle stages. The variation in cell survival seemed to disappear for high LET irradiation after LET reached
about 200 keV/um in their experiment.

We have performed a similar experiment with synchronized CHO cells using the HIMAC accelerator, and the cell
survival data as a function of the cell cycle phases are shown in Fig.3. In order to better understand the tendency of
the cell cycle effect, it is best to compare the data with 4 Gy X-rays and those with 2 Gy carbon ions due to a similar
biological effectiveness. The variation for the carbon ions data appears less distinct throughout the cell

X-ray 2Gy

c Fig. 3 Comparison of radiation cell
'% X-ray 4Gy survival levels in synchronized
£ CHO cells irradiated with 2 Gy and
H 4 Gy X-rays, and 2 Gy 70 keV/pm
S Carbon ion 2Gy .
< 70keV/ g m carbon ions.
(7]

G1 s /G2

0.01 e —
0 5 10 15
Time After Mitotic Shake off (Hours)

cycle than that for X-rays. The X-ray curve shows the lowest cell survival at mitotic to G1 stages and tends to show a
higher level toward the S-phase stage. There were slight variations in the carbon survival curve probably due to the
mixed populations of carbon beams employed at 70 keV/um; nucleus components other than carbon ions are
included in the beam [22]. Despite these situations, the therapeutic advantages obtained with carbon beams are
obvious when compared to X-rays.

Discussion

In this report, we have shown some of the critical biological characteristics associated with high LET heavy ion
irradiation as compared with low LET irradiation. The repair of DNA DSB indicated clear evidence of inhibition of
DSB rejoining in cells irradiated with high LET carbon ions, even at low radiation doses. It is significant that the
cells irradiated with lower LET (13 keV/pm) carbon ions showed a tendency similar to X-irradiated cells. This
indicates that much less radiation damage can be expected with the flat part of dose distribution curve of carbon ion
beams. This seems to give an advantage to carbon ion treatment, as tumor cells are targeted with the Bragg peak part



of the beam.

Our recent data on the variation of cell survival levels throughout the cell cycle can give us further insight into
high LET radiobiology. High LET radiation significantly reduces the variation in cell survival levels observed with
low LET radiation. This gives another advantage to heavy ion therapy, as the radio-resistant peak at S-phase may not
be a significant problem with high LET irradiation treatment. We have also extended our cell cycle related studies
with DSB repair-defective mutants, and new understanding has been obtained with these studies (data not shown).
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Abstract

The LET-RBE spectra were investigated using cultured V79 cells by accelerated heavy ions. Cells were exposed
to *He-, C-, and **Ne-ion beams at HIMAC, the Medical Cyclotron at NIRS, and RRC at RIKEN with an LET
ranging over approximately 10-500 keV/pum under aerobic conditions. Cell-survival curves were fitted by
equations from the linear-quadratic model to obtain survival parameters, and the RBE values were analyzed as a
function of LET. The RBE increased with LET, reaching a maximum at around 200 keV/um, then decreased
with a further increase in LET. Clear splits of the LET-RBE spectrum were found among ion-spices. The
LET-RBE spectra were fitted by a newly contrived equation that including three parameters: L, A, and W. The
parameters will indicate a LET that gives a maximum RBE, a related value to maximum RBE, and indicates the
width of the peak of RBE, respectively. It is also found that the parameters can be defined as functions of atomic
numbers of the accelerated ions. At a given LET, the RBE-value for lighter ions was higher than that for heavier
ions at lower-LET region. The LET that gives maximum RBE shifts to higher LET for heavier-ions, and the
maximum values of the peak of RBE decreased with the atomic number of the irradiated ions.

Introduction

The Heavy Ion Medical Accelerator in Chiba (HIMAC) was constructed at the National Institute of
Radiological Sciences (NIRS), Chiba, Japan, in 1993 to perform advanced radiotherapy treatment of cancer[1],
[2]. Clinical trials were also started using carbon-ion beams in June 1994, and over 3100 patients had been
treated with HIMAC carbon-ion beams by 2007. For a requirement of pre-clinical radiobiological studies and
the cooperative research projects in radiobiological field, a great numbers researchers visit HIMAC and huge
number of data were obtained by researchers inside and outside NIRS including overseas. HIMAC is also
available for scientific experiments, such as medical sciences, physics, radiation biology, and so on. The main
subjects for radiobiological studies at HIMAC are studies concerning radiation therapy using heavy-ion beams.
However results from the radiobiological studies are applicable for estimating radiobiological effects in a field of
radiation protection study for the space, where the most biologically effective radiation is HZE beams.

The relative biological effectiveness (RBE) is one of the most important parameters in determining the
biological effectiveness of heavy-ion beams. An accurate knowledge of the RBE was required at HIMAC when
heavy-ion beam for cancer therapy will be started. RBE is roughly a simple function of LET, which is the rate of
energy deposition in the linear dimension. However the detail and the suitable RBE for cancer therapy is not
known, because there are big differences between low- and high-dose region, alternated by hypoxia,
discrepancies among particles and by biological end-points. LET indicates the rate of energy deposition in the
linear dimension of the absorbing material. There are differences in the radial energy deposition densities for

beams of the same LET among accelerated ion species because of a difference in their electric charge and



velocity. This distribution of different track structures of the ionization density may produce different
radiobiological effects on cells. However, there are few systematic biological data on the RBE and the LET of
heavy ions, because it is usually difficult to expose many biological materials with the same exposure system
under the same biological condition.

When we design a therapeutic ion beam, we must know biological effectiveness of the beam. However the
LET and ion spices of the beam at defined depth in the body, the physical characteristics of the beam are very
complex, because of the nuclear fragmentation of projectile ion and mixture of beams having different LETs to
produce a spread-out Bragg peak. To know the RBE for those all ion spices at all radiation doses (or cell survival
levels) and all LETs in the beam through biological experiments.

Only a data show here is cell killing on V79 cells as determined by a loss of colony-forming ability, and
please see previous publication [S] for HSG cells that has used at HIMAC beam design. The data covers several
ion-species, lighter-ions and heavier-ions than therapeutic carbon-ions. We will discuss the LET dependency of
cell killing in an intermediate LET region (approximately 10-500 keV/um) as well as the difference in the RBE
spectra among the accelerated ion species. Also we will introduce a method to estimate biological effectiveness
of heavy ions as a function of ion species and LETs. In addition, we will discuss possible method to estimate the
biological effectiveness to all fragmented beams that have not measured biological experiments.

Experiments
1. Facility and Ion Beams

We exposed cells to *He-, '*C-, and *Ne-ion beams. The exposures were carried out at the HIMAC, the
medical cyclotron (NIRS-MC) at NIRS, and the ring cyclotron (RRC) facility at the Institute of Chemical and
Physical Research (RIKN). The exposure systems at HIMAC, NIRS-MC and RRC were basically the same, and
all the beam performance has confirmed by physics group of NIRS. An X-ray machine (Model Shinai-7,
Shimadzu Co., Tokyo; 200 kVp, 20 mA, W-target, 0.5-mm aluminum + 0.5-mm copper filter) was used for
obtaining the reference survival curves for RBE.

Dosimetry and LET determination at those facilities has previously reported[3][4][5]. Briefly, the dose rates of
the beam were measured with a calibrated parallel-plate ionization chamber and/or a plastic scintillation counter
at the sample position. A monitoring ionization chamber was placed upstream of the sample. The ratios between
the monitor and the calibrated chamber were measured to determine the beam intensity at the sample position for
the same ion. The exposure doses were automatically determined by a computer-aided irradiation system by
integrating the output current from the monitor chamber.

The accelerated energies of beams used in our experiments were ranging from 12 MeV/u to 400 MeV/u. The
LETs at the sample position were selected by changing the accelerated energy of the ion beam and adjusted by
using an adequate thickness of aluminum or plastic (Lucite) absorbers[3]. For the experiment at higher-LET
beams, we chose as possible as lower energy beam, however we also used some absorbers to select a LET values.
Thus secondary ion beams generated in the absorbers cannot be avoided. The most affective ion in secondary
beams at carbon experiments is a helium-ion with a LET of several keV/um. The contribution of the absorbed
dose from secondary ions was less than 2 %, as estimated from data obtained by a carbon 290 MeV/u carbon-ion
beam near the end of its penetration[6][7]. For the other beams, there are no measurement of the fluence, dose,
and LETs of secondary particles by a certain physical experiments. However we can roughly estimate the
contribution of the dose from secondary beam by the dose at down stream of the penetration depth of each
Bragg-peak. The values were less than 5% for all experiments. The dose would be smaller for beams having
shorter penetration ranges than the estimated range.



TABLE 1. Ion Beams Used and pbssible LET

lon Energy in vacume LET, LET pex Institute Facility
(MeV/y) (keV/pum) (keV/um)

“He 6 28 90 NIRS Cyclotron
‘He 150 22 50 NIRS HIMAC
2c 6 250 500 NIRS Cyclotron
2c 135 21 250 RIKEN RRC
2c 135/290/350/400 21/13/12/11 250 NIRS HIMAC
2'Ne 135 58 400 RIKEN RRC
Ne 135/230/400 58/41/30 400 NIRS HIMAC

# minimum LET for each beam, and possible maximum LET used for cell experiments.

2. Cell Culture and Survival Curve Fitting

Chinese hamster V79 cells cultured in Ham's F10 medium supplemented with 15% fetal bovine serum, 0.5
mg/ml Heart Infusion Broth (238400, Difco), and 100 U/ml penicillin and 100 pg/ml streptomycin was used.
Cells were harvested by trypsinization, and seeded in dishes were cultured for about 1 day at 37°C in a 5% CO,
incubator prior to exposure. After exposure, the cells were harvested by trypsinization, and re-suspended in a
flesh medium. The numbers of cells in the suspension were counted by a particle counter, diluted with the
medium, seeded in three 6-cm culture dishes at approximately 100 expected survivors per dish, and then
incubated in an incubator for 6 days. The colonies in the dishes were fixed and stained. Colonies consisting of
more than 50 cells were counted under a stereomicroscope as the number of viable cells. The plating efficiencies
were greater than 80%. The o and P parameters were obtained from survival data plots by curve fitting using the
LQ equation; SF = exp ( — oD — BD? ), by using computer programs. The D, values were obtained from the o
and P parameters from each survival data set.

Examples of survival curves were shown in Fig. 1. The curves for low-LET radiation showed a gentle curve
with large shoulders. The curves become steeper and the shoulder was reduced with increasing of the LET.
Gentle curves without shoulder were found at high-LET region. The survival curves for a lower-LET beam were
well fitted by the LQ equation, and the survival curve parameters for X-rays; Diq, o, and B, were 7.07 Gy, 0.184
Gy, and 0.0200 Gy, respectively. When cells exposed to high-LET beams, data fitted well by the equation
without the f term (or § = 0), because the curves were linear exponential. The curves were steepest and had no
shoulder at LET 150 keV/um or more, and the slope changed gradually with father increasing of the LET.
Numerical data of survival parameters including other cell lines than V79 cells are reported previously [5]
together with physical parameters of the beams (E, LET, LET 4, and Z**/?). The RBE values were calculated as
the ratio of the Dj¢s to that of X-rays. RBEs for different LET beams compared to X-rays were obtained for all
the beams tested.
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<Fig.1> Survival Curves for V79 Cells Exposed to Carbon lons and X-rays. LET
values of ion beams are indicated in the figure in keV/um unit.

Analysis
1. Fitting of LET-RBE Curve

An experimental equation of LET-RBE relationships as a function of LET was investigated. The equation can
be divided into two parts, and the relationship is expressed by using a composite function of the components.
The first part (C1) describes a simple decreasing component of RBE with the LET, and the second part (C2)
describes a peak of the RBE at a defined LET. The first part is expressed as;

Clqy = 1/sqrt{(Z/L,)*+Q/L+1},

where L is the LET value of the ion-beam, L, is an LET that shows the inflection point of LET-RBE relationship,

and Q is a parameter that defines the shape of the curve at inflection point. The second part is expressed as;

C2qy=Aexp{-In(L/L,)*/ W},

where A is the maximum magnitude of the RBE, L, is the LET that gives maximum magnitude of the peak in the
part, and the W is the width of the peak of RBE. The L, in C1 and C2 must be different parameter, but power of
the C2 is major at around L. Also, Q can be negligible by the same reason. Here, we made the L, of the C1 and
C2 to be the same and set Q = 0, to reduce the number of the parameters. Finally, here we used an equation;

RBE(, = 1/sqrt{(L/ L,)*+ 1}+4 exp{-In(L / L,)* | W'},

to analyze the LET-RBE relationship. Calculations were performed by a fitting method using a computer
program to minimize the weighted residuals.

The LET-RBE curves were determined using method described above for *He-, C- and **Ne-ions with the
LET ranging 18.6 - 90.8, 22.5 - 502, and 62.1 - 693 keV/um, respectively, and the results were shown in Fig. 2.
The LET-RBE spectra for all ion beams include *He-ion could be fitted with the fitting equation, and the values
of the fitting parameters could be obtained.
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<Fig.2> Fitting of RBE as a Function of LET for V79 Cells Exposed
to *He-, °C- and ®Ne-lon Beams (each data point not shown).

The spectra for those ions were different by the ion species especially in the low and middle LET range (<200
keV/um), the RBEs showed different values for three different beams ("He > '2C > **Ne) at the same LET. The
RBE spectra for *He-ion beams start to increase in a lower LET region compared to the other ion beams and
reached a larger RBE (~ 4.0) at 90 keV/um, but didn’t showed a maxima. A peak RBE (3.56) was found at 88.3
keV/um for a *He-ion beam by a similar experiment[8][9]. The depth-width of the Bragg peak for *He-ion beam
is too narrow to expose a whole cell with a traversal having the same LET and the same dose rate. This means
that the energy would be deposited at different LET and dose rates in a cell. The RBE may increase further more
at higher LET of *He-ion, and it could be estimated to reach ~6 by the calculation. The maximum RBE values
were found at around 200 keV/um for **Ne-ion, and at around 150 keV/pm for "*C-ion.

The difference in the RBE due to the ions is clear in lower-LET region up to 200 keV/um (Fig. 2), where
complete data sets for those three ions exist. For instance, the RBEs were, 3.3, 2.8 and 2.2 at 70 keV/um for *He-,
2C- and **Ne-ion, respectively. In the other word, the LET that gives 3.0 for the RBE of *He ions was 65
keV/um, and that for '>C- or **Ne-ion were at around 77 or 105 keV/um. This means that to give the same
radiobiological effectiveness for '*C- and *’Ne-ion beams to *He-ion beams, 1.2 or 1.6 times higher LET is
required, respectively. There are considerable data[10][11][12] demonstrating such differences in the biological
effectiveness of different ion species at the same LET. There is also a theoretical analysis[13] that predicts a
difference between the LET-RBE spectra for different ions.

2. Fitting Parameters and Atomic Number

The LET-RBE relationships for ion-beams tested were plotted by a fitting method as described above. In
general, the RBE increased with LET, showed peaks at around 100-200 keV/pm, and then decreased with LET.
The LET-RBE spectra are different for the different ion spices. The LET-RBE curves are clearly different for the
different ion beams. We thought that here must be a relationship between the parameters of the LET-RBE curves
and atomic number of the accelerated ions, and the parameters Lp, A and W of LET-RBE curves were plotted as
a function of atomic number of the ions (Fig. 3). The Lp increased and the A decreased exponentially with the
increase of atomic number, and W was a constant. The relationship could be expressed as ;



Lp = 149-exp(0.0271- Z), with r = 0.985,
A =583+exp(-0.0373+Z), with r = 0.997, and
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<Fig.3>. Parameters of LET-RBE Fitting Equation as a Function of Atomic Number of
the Accelerated lon (Z). The parameters are LET that gives the maximum RBE (L),
amplitude (A) of the peak of RBE, and the width of the peak (W) of RBE.

Conclusion

We obtained LET-RBE spectra for killing of V79 cells exposed to different ion beams. At a given LET, the
RBE-value for lighter ions was higher than that for heavier ions at lower-LET region. The LET-RBE relationship
could fitted by a newly contrived equation that including three parameters; L,, A, and W. It is also found that
those parameters can be defined again as functions of atomic numbers of the accelerated ions. The LET of the
maximum RBE (L,) shifts to higher LET values for heavier-ions, amplitude (A) of the peak of RBE decreased
with the atomic number of the irradiated ions, and the width of the peak (W) was a constant.

Using those parameters, we are possible to estimate RBEs to the beams at any LET and any ion spice that has
not been measured the survival data biologically. Together with physical measurement of the fragmented beam
i.e. components in total beam including atomic numbers and it’s LET spectrum, we may possible to estimate
total/average RBE of the beam. This means we may possible to estimate biological effectiveness to design
further therapeutic beams with high accuracy.
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Abstract

Experiments were design to determine the effects of Carbon ion radiation on cancer stem cells within xenograft
tumors, and to assess the impact of high LET radiation on radiocurability. HCT116 human colon cancer cells
were inoculated into nude mice and animals were irradiated when tumors reached a certain size. When irradiated
with 15 Gy Carbon ions, the xenograft tumors re-grew after 60 days. However, when irradiated with 30 Gy all
tumors were eradicated without relapse within the 90 day follow-up period. In comparison, with X-ray radiation,
the tumors were suppressed for 31 days with a dose of 30 Gy and eradicated following a 60 Gy dose. The
relative biological effectiveness (RBE) value of Carbon ion relative to X-rays was calculated at 3.82. At an
isodose of 30 Gy, Carbon ion radiation predominantly induced tumor cell cavitation and fibrosis, whereas X-ray
radiation only partially destroyed the tumor cell mass. Tumor-supplying blood vessels were markedly reduced in
mice following Carbon ion irradiation compared to mice irradiated with X-rays. The expression of cancer stem
cell related markers or proteins, such as CD133, EpCAM, HIF-1a and B-catenin was predominantly suppressed
following Carbon ion radiation. In contrast, X-rays actually increased the expression of these factors. In
conclusion, heavy ion radiation can disrupt cancer stem cell populations more effectively than conventional
X-ray treatment. These findings emphasize the importance of utilising heavy ion radiation as a tool to achieve

high tumor radiocurability.

Introduction

Colorectal cancer is a common gastrointestinal malignancy and remains to be the major leading cause of
cancer-related deaths in the world [1]. Radiation therapy is an effective nonsurgical intervention for colon cancer,
but most of the tumors invariably recur after radiation therapy. Therefore, determination of the mechanisms of
recurrence and radioresistance in these tumors and others could lead to advances in the treatment of cancer.

Recently, cancer stem cells, a minority subpopulation of cells that have the capacity to self-renew, have been
identified in a growing number of solid tumors, and are typically recognized by virtue of the expression of cell
surface markers, such as CD133, CD44, and EpCAM [2]. The correlation between CD133 and cancer stem cells
has been documented in multiple solid tumors, including brain [3], pancreatic [4], liver [5, 6], and colon cancers
{7]. The cancer stem cells that populated the original tumor may be resistant to the treatments to repopulate the

recurrent tumor even after the bulk of the tumor has been removed by resection or chemoradiation therapy [8].

— 100 —



High LET heavy ion radiation have several potential advantages over low LET photon radiation, such as
increased relative biological effect, reduced oxygen enhancement ratio, decreased cell cycle-dependent
radiosensitivity, and induction of complex DNA damage that not easily repaired [9, 10]. Over the past decades,
heavy ion radiotherapy has been successful in treating many kinds of human cancers, including lung, liver,
prostate, sarcoma etc. [11]. However, to the best of our knowledge, there are still no definitive reports on the
effects of heavy ion radiation on cancer stem cells or the histopathological changes with regards to tumor control.
In the present study, we try to explore the influences of carbon ion radiation on expression of cancer stem cell

markers and its relationship to radiocurability of xenograft tumors in nude mice.

Materials and Methods
Cell lines

The colon adenocarcinoma cell line HCT-116 was purchased from American Type Culture Collection
(ATCC). The cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen, Grand Island,
NY) supplemented with 10% with heat-inactivated 5% (v/v) fetal calf serum (Beit-Ha'Emek, Israel), 100
unit/mL penicillin and 100 pg/mL streptomycin (Invitrogen) in a 37°C with 5% CO2-in-air. The medium was
changed every other day.
Animals and Xenograft transplantation

BALB/cAJcl-nu/nu male mice (5-week-old) were purchased from CLEA Japan, Inc. Tokyo, Japan. Mice were
provided with water and food ad libitum and were housed at 5 animals per cage. All surgical procedures and care
administered to the animals were in accordance with the NIRS Animal Care and Use Committee. Tumors were
established by subcutaneous inoculation of 8 x 10° HCT-116 cells into the skin of mice right leg. Tumor growth
was monitored every 3 days by measuring two perpendicular diameters. Tumor volume was calculated according
to the formula 0.52 x a x b?, where a and b are the largest and smallest diameters, respectively.
}Zadiation

Mice were irradiated with carbon ion beams accelerated by the HIMAC at NIRS in Japan. The details
concerning the beam characteristics of carbon ion beams, biological radiation procedures, and dosimetry have
been described elsewhere (12). Briefly, the initial energy of the carbon ion beams was 290 MeV/n, 50KeV/um,
6-cm, SOBP. The energy of heavy ion beams at the radiation site was obtained by comparing the calculated and
measured depth-dose distribution. As a reference, mice were also irradiated with conventional 200 kV, X-ray
(Pantac HF-320S, Shimadzu Co., Tokyo) at NIRS. Transplanted xenograft tumors were irradiated with various
doses of X-ray (15, 30, 60 Gy) or carbon ion (5, 15, and 30 Gy).
Gross Morphology and Histopathology

Gross morphological changes were followed up to 3 months after a single fraction of X-ray or carbon ion
radiation. At selected time points, tumors were excised and histopathological examinations were performed.
Xenograft tumors from different groups were fixed in 10% neutral formalin and processed in paraffin-embedded
followed by sectioning (4 wm) onto slides. Sections were stained with hematoxylin and eosin (HE) and assessed
microscopically.

Tumor Growth Delay and Relative Biological Effects
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The tumor growth delay (TGD) of xenograft tumors after treatment with X-ray or carbon ion was estimated at
the tumor volume of 600 mm3. The relative biological effectiveness (RBE) of carbon ion at the middle of a 6-cm
SOBP relative to X-ray was calculated by Kaleidagraph software.
Immunohistochemistry

Immunohistochemical staining was performed with the Elite ABC Kit (Vector Laboratories; Burlingame, CA)
according to the manufacturer's protocol. In brief, sections cut from formalin-fixed, paraffin-embedded tissue
blocks were deparaffinized and rehydrated, and incubated in 0.3% hydrogen peroxidase to block endogenous
peroxidase action. Then the antigen retrieval was performed by autoclave using a 10 mM citrate buffer (pH 6.0).
The slides were preincubated with normal horse serum (Vector Laboratories, Burlingame, CA) to diminish
nonspecific binding of the secondary antibody and then incubated overnight at 4 C with anti-CD133 (AC133,
human monoclonal, Miltenyi Biotec), anti-B-catenin (mouse monoclonal,BD Transduction Labs), anti-HIF-1a
(mouse monoclonal, abcam), and anti-EpCAM  (mouse monoclonal, Acris Antibodies GmbH). Slides were
then rinsed and incubated with universal secondary antibody containing anti-mouse/anti-goat IgG for 30 min,
developed with diaminobenzadine for 10 min, and counterstained with hematoxylin for 2 min. Ten fields were
selected and expression was evaluated in 1000 tumor cells with high power (x200) microscopy. As a negative
control, the sections were stained without primary antibodies to monitor the background staining level.
Cytoplasmic and/or nucear staining were considered to indicate specific HIF-1a, B-catenin, EpCAM, and
CD133 immunoreactivity. Each slide was assessed for the intensity of immunostaining, background, and
percentage of cells expressing the target protein.
Statistical analysis

One-way ANOVA and Bonferroni multiple comparison tests were used when mean differences between the
groups were evaluated by StatView software (SAS Institute, Inc., Cary, NC). For all comparisons, p values less
than 0.05 were defined as significant.

Results
Tumor Growth Control by Carbon ion vs X-ray Radiation

Transplanted xenograft tumors grow fast without any treatment and the tumor volume became more than 400
mm3 after subcutaneously implanted to the mice for 21 days. At an iso dose of 30 Gy, Treatment with X-ray
radiation only suppressed tumor growth for 31 days, whereas carbon ion radiation increased tumor size at the
initial 6 days and then gradually decreased. The tumor was finally disappeared after 90 days follow up without
relapse (Fig.1A).
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Figure 1. A. HCT116 xenograft tumor growth control by X-ray or carbon ion radiation. B. HCT116 xenograft

tumor growth delay after irradiated with X-ray or carbon ion.

Tumor Growth Delay and Relative Biological Effects of Carbon ion relative to X-ray Radiation
To determine the tumor growth control possibility by carbon ion radiation, the xenograft tumors were also
treated with various doses. The tumor growth delay of xenograft tumors after treatment with 15 Gy and 30 Gy of
X-ray was 5 and 28 days, whereas treatment with 5 Gy and 15 Gy by carbon ion was 12 and 82 days,
respectively, when estimated at the time of tumor regrew to a volume about 600 mm3 (Fig.1B). To obtain the
tumor growth delay for 20 days, the dose of X-ray or carbon ion was estimated as 25.94 Gy and 6.78 Gy. It is
therefore the RBE value of carbon ion at the middle of a 6-cm SOBP relative to X-ray was calculated as 3.82
(Fig.1B).
Gross Morphological and Histopathological Changes after Carbon ion vs X-ray Radiation

Fig. 2A illustrates gross tumor morphology before and after treatment with carbon ion (30 Gy) or X-ray (30
Gy) radiation after 31 days. Tumor-supplying vessels were very clearly seen in the unirradiated mice as well as
in X-ray irradiated mice, but markedly reduced in carbon ion irradiated mice. Histopathological changes of
xenograft tumors after irradiated with X-ray or carbon ion for 31 days were examined by H&E staining. Carbon
ion radiation predominantly induced colon cancer cell cavitations, fibrosis and most of the cells were killed and
the duct-like architecture was completely disrupted. In contrast, X-ray radiation only partially destroyed colon
cancer cells and the duct-like architecture still remained (Fig.2B). Histopathological features were similar

between xenograft tumors irradiated with 30 Gy carbon ion and 60 Gy X-ray (data not shown).
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Figure 2. Gross morphological changes (A) and histopathological features (B) of HCT116 xenograft tumours

after treated with X-ray or carbon ion radiation for 4 weeks. #, P<0.05, *, P<0.01, compared to non-IR.

Expression of Cancer Stem Cell Markers or Proteins CDI133, EpCAM, [-catenin, and HIF-1 o after Carbon
ion vs X-ray Radiation

The influences on the expression of cancer stem cell markers or proteins CD133, EpCAM, B-catenin, and
HIF-1 o in the xenograft tumors after irradiated with carbon ion or X-ray ((30 Gy) for 31 days were examined by
immunohistochemilcal staining. As shown in Fig.3, carbon ion radiation predominantly suppressed expression of
both CD133 EpCAM, and HIF-1 «, but not B-catenin. In comparison, X-ray significantly increased expression
of CD133, EpCAM, HIF-1 a, as well as B-catenin compared to those of unirradiated tumors. The expression of
CD133, EpCAM was also slightly decreased or unchanged with carbon ion at dose of 15 Gy, but increased with
5 Gy, suggesting that lower dose of carbon ion radiation cannot suppress cancer stem marker expression. In
comparison, the expression of CD133, EpCAM, HIF-1a and B-catenin was enhanced by X-ray at dose of 15 Gy,
but markedly reduced at dose of 60 Gy (data not shown).
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Figure 3. Expression changes of HIF-1q, B-catenin, CD133 and EpCAM in the HCT116 xenograft tumours after

treated with carbon ion or X-ray radiation for 31 days. P<0.01, compared to non-IR.

Discussion

At an isodose of 30 Gy , we surprisingly found that, carbon ion radiation effectively suppressed expression of
cancer stem cell markers CD133, EpCAM as well as HIF-1a,, whereas X-ray radiation remarkably increased
these protein levels. We also found that carbon ion radiation predominantly induced colon cancer cell cavitations,
fibrosis and completely disrupted duct-like structure, whereas X-ray radiation only partially disrupted colon
cancer cells and the duct-like structure still remained, when the xenograft tumors histopathologically examined
after one month. The relative biological effects (RBE) value of carbon ion relative to X-ray was 3.82, suggesting
that heavy ion radiation have more than 3 times of biological effects on the tumor control capability.

It has been shown that anticancer therapies are only effective if the cancer stem cells are effectively eradicated
or inactivated [12]. Failure to incapacitate this potent fraction of cells, inevitably leads to repopulation and
regrowth of the lesion [12]. In the present study, HCT116 xenograft tumors are particularly resistant to X-ray
irradiation, likely due to the observed increase in expression of cancer stem cell markers and proteins. In contrast,
heavy ion radiation significantly inhibited the expression of these markers, resulting in effective tumor control.

In addition, Carbon ion irradiation also had a more severe impact on tumor morphology. Gross morphological

examination of the tumor mass, one month post irradiation with Carbon ions, showed cavitations and fibrosis in
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addition to significant disruption of the tumor-supplying blood vessels. In contrast, X-rays only partially
disrupted cancerous cell morphology and blood vessels remained intact. These findings are in support of
previous reports that heavy ion radiation inhibits angiogenesis in vitro [13]. In addition, it has also been reported
that cancer stem cells are predominantly located in hypoxic regions, consistent with the increased local
expression of HIF-1a expression [14]. Interestingly during analysis we observed CD133 positive cells in a
parallel conformation to HIF-1a: positive cells. The relative biological effect (RBE) of Carbon ion relative to
X-rays was valued at 3.82, suggesting that heavy ion radiation has over three times the biological effect of
X-rays on tumor control capacity. The findings presented here highlight the potential benefits of utilising heavy

ion treatment for effectively targeting otherwise highly resistant cancer stem cells.

Conclusions

High LET heavy ion radiation can effectively disrupt cancer stem cells and subsequently eradicate
transplantable human colon cancer in nude mice. This may be one of the crucial molecular mechanisms of high
radiocurability induced by heavy ion compared to conventional low LET X-ray.
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Introduction

Heavy-ion beams with high linear energy transfer (LET) have the advantage of good dose distribution for tumor and
increasing relative biological effectiveness (RBE) with depth . The Heavy Ion Medical Accelerator in Chiba
(HIMAC) was constructed at the National Institute of Radiological Sciences (NIRS). Clinical trials have been
demonstrated using carbon-ion beams for different cancers, lung cancer, bone & soft tissue sarcomas, hepatomas,
prostate cancer, choroidal cancer, rectal cancer and head and neck cancer since July 1994 %> Up to March 2009,
over 4500 patients have been treated including over 2000 patients subject to Highly Advanced Medical Technology
program.

Recently, carbon-ion beam is a candidate for use in hypofractionated radiotherapy, having small fraction number
and large fraction size to some kind of tumors, malignant melanoma of choroid, non-small cell lung cancer or
hepatocellular carcinoma. Hypofractionation has a benefit for patients as the abbreviation of the treatment period. In
this case, RBE values at high dose region (low survival level) must be considered, however the RBE is calculated
physically and is not verified biologically. To estimate the lower survival, the extrapolation of the survival data, HSG
cells on HIMAC has been used for the treatment planning. However, general colony formation assay can get only
first third decades’ data, and it may be far-fetched that the very low survival data will be presumed from the data in
1.0 — 0.001 of surviving fraction. It is important that to obtain the survival data as possible as lower region using
various methods. We tried to get the survival data and estimate the RBE values at lower survival region using a
multicellular spheroid technique and the multi-process formula fitting analysis in this study.

Methods and Materials
Culture of monolayer cells

One human malignant melanoma cell line, HMV-I was used in this study. Cells were cultured in Eagle’s
MEM with 10% FBS and antibiotics. Exponentially growing cells were seeded in flasks in CO, incubator, and
cultured for about 2-2.5 days prior to exposure. After irradiation, cells were harvested, counted and seeded in
three dishes, and then incubated for 13 — 14 days. Colonies containing more than 50 cells were counted as

sSurvivors.

Culture of muliticellular spheroids

Spheroid plates were used to make multicellular spheroids. Briefly, exponentially growing cells were seeded
in the wells at concentration of 800 cells per a well 2 or 2.5 days before irradiation. Each 10-15 spheroids were
then transferred to petri dishes and incubated for hours to attach the spheroids on the bottom of the dishes.
Immediately before the irradiation, medium was removed from dishes, and then the samples were irradiated with
X-rays or heavy-ion beams. After the irradiation, the spheroids’ position was marked and cultured CO, incubator
for 13 - 14 days, and then spheroids colonies were counted. Pictures of spheroids were obtained using
microscope with CCD camera, and the diameter of spheroids was measured. The average diameter of a spheroid
was 209+30 um. Additionally, the spheroids were collected in a tube and trypsinized, and the cell number in a
spheroid was counted. The average cell number in a spheroid was 1109+128 cells.
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Irradiation

X-rays were produced by a generator operated at 200 kVp, and filtered with 0.5 mm Al and Cu. X-rays data
was used for the reference survival curves for RBE calculation. Carbon or Argon ions having dose-averaged
LET of 13, 35, and 100, or 300 keV/um were provided by 290 or 500 MeV/nucleon beams at NIRS-HIMAC.

Curve fitting analysis
Three dose-survival formulas were used for the fitting analysis of the data. In addition to the linear-quadratic
(LQ) equation, the multi-target single-hit (MT) and the multi-process (MP) equations were used.

SF = eXp(-(xD-[3D2) ..................... (LQ)
SF = 1-(1-eXp(-D/Dg))s + # =+ + v vvversrnnnns (MT)
SF = exp(-aD)(1-(1-exp(-D/Dg))") *+*==+=+* (MP)

Where, SF is the surviving fraction, D is the dose (Gy), ais, bis, Do is,and n is.

The three formulas were set in a curve sitting analysis software. The experimental data was fitted with
formulas and various survival parameters (a, b, Dy) were calculated. At first, the survival data of only monolayer
cells (SF = 107 - 10° was fitted with three equations, respectively. Secondary, these fitting curves were
extrapolated to low survival region (SF = 10° -10”), and then the differences of the survival data between the
experimental values and the calculation values were compared among these three equations.

Results
Survival curves of monolayer cells and spheroids

Dose-response of HMV-I cells exposed to X-rays or heavy-ion beams as a monolayer cells were fitted by the
LQ equation. The curves of high LET, 100 and 300 keV/um showed linear without shoulder. The survival curves
of HMV-1 spheroids exposed to X-rays or heavy-ion beams could fits with the MT equation. The surviving
fraction of spheroids showed 1.0 until definite dose, for example 9.0 Gy for X-rays, and then the fraction was
drastically decreased depend on the dose.

Combination of survival curves of monolayer cells and spheroids

To obtain the clonogenic survival data in wide survival range, we tried to combine them that obtained from
monolayer cells and multicellular spheroids. To get the lower survival data, the surviving fraction of spheroids
was converted to the fraction of single cell in a spheroid. At the results, the low survival data from 107 to 10~ of
surviving fraction was obtained and plotted in addition to monolayer survival data. The fit with LQ, MT, or MP
equations with experimental plots were investigated in wide survival region. For shortness’ sake, X-rays data
having big shoulder and 100 keV/um carbon beams data showed linear curve were used to this analysis. In this
analysis, the three fitting equations were fitted to the survival data of only first three decades (monolayer cells’
data), and extrapolated to 10 of SF range (Fig. 1). The fitting survival curves of three equations were differed in
lower survival region, and the MP equation showed best fit to experimental plots in wide region. Therefore, we
used MP equation to fit the survival curves, calculate the survival parameters and estimate the RBE values in
wide survival region.

Estimation of relative biological effectiveness

To estimate the RBE values in wide survival range, all the survival plots were fitted with MP equation (Fig. 2).
In this analysis, these curves were fitted to all data (10° - 10™). The survival parameters were calculated by MP
equation fitting to survival data merged monolayer cells with spheroids data. The RBE values in wide survival
range (10° - 10™) were estimated using the parameters, and the SF-RBE curves were obtained. RBE values were
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decreased with decrease of the SF, and converged to about 1.1 — 1.4 values at the very low survival level, 107,

Fig. 1 Clonogenic survival curves of HMV-I cells exposed
to X-rays or 100 keV/um carbon-ion beams. The three
equations, LQ, MT and MP were fitted with the survival
data only first third decades obtained from monolayer cells.
Two beams were used for the analysis, circle symbols
showed X-rays data, and square symbols showed 100
keV/um carbon-ion beams data. Open symbols showed
monolayer cells survival data, and closed symbols showed
the spheroids survival data. The three fitting lines, ——
shows LQ, ------- shows MT, and — - — shows MP fitting,
respectively. LQ showed good fit at high survival range,
but misfit at lower range. MT showed good fit low survival

range for high LET beam (carbon-ion beam) but not low
Dose (Gy)

LET beam (X-rays). MP showed good fit in wide survival
range, and to both beams (X-rays and carbon-ion beams).
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Discussion Surviving Fraction

Our goal is to estimate the RBE values for heavy-ion beams at high dose (low survival) range. We tried to get
the data using the spheroids’ technique in this study.

In this study, the MP equation showed bet fitting to the experimental plots in wide dose range compared with
LQ and MT equation (Fig. 1) and plots for other LET beams (not shown). Whereas, L.Q equation showed a good
fit at higher survival range, but fitting curves kept bending in the lower survival range (Fig. 1). The LQ model is
currently the most reliable method to fit, but it is known that this model showed good fit in only first three
decades of a survival curve but not less than 1% survival region ®. Additionally, the LQ model predicts a
constant increasing slope at high dose region in contrast the constant slope observed in experimental survival
curves ©. On the other hand, MT equation showed good fitting to raw data in middle dose range, whereas
especially in low dose range the equation did not fit the data (Fig. 1). The MP model showed good fit to survival
data of mammalian cells exposed to X-rays more than MT model ”. The MP model has a demerit in the analysis
because there are three parameters, however as described above, the MP model has a considerable merit as
getting the better fit with experimental data. We suggest that it may be necessary we investigate the availability

of the MP model in addition to the LQ model analysis to guess the cell survival and RBE values in the high dose
(low survival) region as a future plan in HIMAC.
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The RBE values were estimated using the survival data in wide range obtained from monolayer cells and
spheroids. The values were converged to 1.1 -1.3 in low survival region (10-°). In HIMAC, the clinical RBE,
~3.0 and biological RBE, ~1.7 is used to calculate the start clinical dose for all dose range ® and then the
dose-escalation study has been performed. This method to estimate the RBE too high can be said that it is
consequentially safe. However, the estimate dose might be insufficient to control the tumor completely. We
suggest that it becomes possible to estimate the dose necessary for treatment more strictly using the
multi-process model and the RBE values obtained from the survival data as low as possible.

Conclusion

In this study, we could get the lower survival data to 10 region after X-rays or heavy-ion irradiation having
various LET values using multicellular spheroids technique in addition to monolayer cell survival, and we
estimated RBE at wide dose region down to cell survival level, 10”°. The RBE values were converged to around
1.3 in low survival region, so when we use hypofractionated heavy-ion therapy it must be consider that the
change of RBE values depending on the fraction size.
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Abstract

Malignant pleural mesothelioma (MPM) is an aggressive tumor arising from serous surfaces and often related
to asbestos exposure. Taking into account a latency period of 20-40 years, it has been estimated that the number
of men dying from MPM increase each year until a peak is reached in about 2020. MPM is resistant to various
forms of therapy, such as radiotherapy, surgery or chemotherapy, and only slightly improve prognosis. So far, no
effective therapeutics including chemotherapy or radiotherapy has been established for the disease-advanced
case. The present study was carried out in order to examine the radiosensitivity of MPM cell lines by X rays and
carbon-ion beams. Officially distributed 6 kinds of MPM cell lines were used and irradiated with X rays or
carbon-ion beams (13.3keV/um and approximately 80keV/um) at the Heavy Ion Medical Accelerator in Chiba
(HIMAC). Cell-killing effect was detected using a colony-formation assay. Do, which is one of the parameters
for cellular radiosensitivity, of 6 cell lines ranges from 2.74Gy to 5.42Gy for X rays, 2.17Gy to 4.21Gy for
13keV/um- and 1.08Gy to 2.38Gy for 80keV/um-carbon ions. The relative biological effectiveness (RBE)
values calculated by the Dy, relative to X rays, ranges from 1.24 to 1.42 for 13keV/pm- and from 2.31 to 3.09 for
approximate 80keV/um-carbon ions on each cell line. The results suggest that the irradiation of high LET
carbon ions are also significantly more effective in cell killing for the 6 kinds of MPM cell lines than that of low
LET X rays.

Introduction

Malignant pleural mesothelioma (MPM) is an aggressive and lethal cancer arising from mesothelial cells
lining of serous membranes, and is considered to be often associated with previous exposure to asbestos fibers.
Taking into account a latency period of 20-40 years, since 1970s the wide use of asbestos mineral fibers the
incidence of this tumor is ever increasing, it has been estimated that the number of men dying from MPM
increase each year until a peak being expected around 2020 in industrialized countries and possibly later in other
regions of the world [1, 15, 16, 17]. In Japan, 500 patients with MPM died in 1995, and that number increased to
approximately 900 patients in 2003 [8]. MPM is resistant to various forms of therapy, such as radiotherapy,
surgery or chemotherapy, and only slightly improve prognosis. Very few patients are suitable for any potentially
curative treatment [2, 3]. So far, no effective therapeutics including chemotherapy or radiotherapy has been
established for the disease-advanced case. Many studies have showed that high LET radiations are more
effective in cell-killing effect than low LET radiations, such as X-ray or gamma rays [9, 10, 11]. Now the
HIMAC was performed advanced radiotherapy treatment of cancer and more than 3100 patients has been treated
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with the HIMAC carbon-ion beams by 2007 [12,13], heavy charged particle therapy approved is now being
performed with greater therapeutic effect to treat the cancer and improve symptoms in many patients than
low-LET photon therapy. Some patients that are difficult to cure with other therapies showed remarkable
efficacy especially with heavy charge particles, such as adenoma adenoid cystic carcinoma, malignant melanoma,
hepatocellular carcinoma and sarcoma. But until now there are no reports for cell-killing effects for
mesothelioma cells by heavy charge particles. It is, therefore, necessary and important to investigate the
biological data by heavy-ion beams for heavy-ion radiotherapy. The present study was carried out in order to
examine the radiosensitivity and determine RBE values of malignant pleural mesothelioma cell lines irradiated
with heavy ions.

Materials and methods
Cells

Six human malignant pleural mesothelioma (MPM) cell lines were used for this study. Those cell lines were
obtained from the American Type Culture Collection (ATCC), and the Riken Bio Resource Center (BRC) in
Japan. Cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (sigma) supplemented with
10% fetal bovine serum and antibiotics, and they were maintained at 37°C in a humidified atmosphere of a 5%
CO, incubator. Each cell line was inoculated into 25-cm? plastic flasks at various cell concentrations for 3-4days
before irradiation, by which time each cell was confluent.

Irradiation

Cells were irradiated with carbon-ion beams accelerated by the HIMAC. Briefly, the initial energy of the
carbon-ion beams was 290MeV/n. The LET values used were to be 13keV/um and 80keV/pm. The details of the
HIMAC beam-delivery system, physical characters, biological irradiation procedures and dosimetry have been
described elsewhere [17, 18]. For a comparison, we used 200kV X rays (20mA) filtered with 0.5mm Cu and
0.5mm Al by TITAN irradiator (Shimadzu, Japan) at the dose rate of 0.95Gy/min. All irradiations were carried
out at room temperature.

Colony formation assay

Confluent cells were irradiated with X rays or heavy ions, and then cells were harvested by trypsinnzation and
re-suspended in a fresh medium. The numbers of cells in the suspension were counted by a particle counter,
diluted with the medium, plated on to plastic dishes (Falcon 3003) with a diameter of 100mm, aiming for
50~100 colonies per dish for the cell-survival assay. Colonies were fixed and stained with 0.2% violet-Methanol
solution after a 14 to 21-day incubation period, the period of which fitted in each cell line for colony formation.
Colonies consisting of more than 50 cells were counted as survivors.

Chromosome analysis

For the preparation of chromosome samples, RPMI 1640 medium containing 0.1ug/ml demecolcine (Wako
pure chemical industries Ltd.) was added in cultured each cell line, which was in the late log phase, and treated
for 3h. The cells were then treated with 75mM KCI solution for 20 minutes at 37°C and fixed in the
methanol/acetic acide (3:1) solution. The cell’s suspension was dropped onto slides, air dried, and stained with a

2%Giemsa solution. The number of chromosomes in 100 metaphases was scored.

Results
Figure 1 showed the mean numbers and the distribution of chromosome about six kinds of malignant pleural
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Figurel. The distribution of modal chromosome number with 6 kinds of malignant pleural mesothelioma cells.

mesothelioma cell lines. Different mesothelioma cell lines showed a great variation in numbers of chromosome,
and the number of chromosomes in same cell line is also great different. The mean numbers of chromosomes in
each cell line are to be 48-95.

Survival data of Figure 2 shows dose-response curves for cell-killing effect on 6 kinds of human malignant
pleural mesothelioma cell lines irradiated with X-rays and carbon-ion beams with 2 different LET values
(13keV/um and approximate 80keV/um). Dy, a and B values were calculated based on the survival curves,
fitting by the linear-quadratic model: SF=exp“**"? (table 1 and 2). From the D, values which were determined
as the dose (Gy) required to reduce the surviving fraction to 10%, we calculated the RBE of carbon-ion beams
compared to X rays. The RBE values ranged to be 1.24~1.42 for 13keV/um-beam irradiation and 2.31-3.09 for
approximate 80keV/um-beam irradiation on these malignant pleural mesothelioma cell lines.

The survival curves of those mesothelioma cell lines like other kinds of cell lines for X rays or low LET

carbon beams showed a gentle curve with large shoulders, and become steeper for the higher LET carbon beams.
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Figure 2. Dose-response curves for survival following irradiation by 200-kV X-rays( ®)and carbon-ion
beams(m, 13keV/um; A ,approximate 80keV/um). The LET values of approximate 80 keV/um beams in each graph

show the mean values =+ the standard deviations of at least three independent experiments in each cell line.

Table 1. a and B values for x-rays and carbon-ion beams calculated by survival curves of each cell line

X-ray(200kV) carbon-ion 13keV/um carbon-ion(80keV/um)
cell o (Gy™") B (Gy? o (Gy™") B (Gy?) a(Gy") B (Gy?)
H28 0.3186 0.0376 0.2941 0.0320 1.5447 -0.0581
H226 0.1150 0.0672 0.3246 0.0446 1.1893 -0.0040
H2052 0.4203 0.0100 0.4338 0.0489 1.6083 -0.0911
H2452 0.1179 0.0615 0.2417 0.0913 1.3154 -0.0229
MESO-1 0.0781 0.0654 0.3770 0.0802 0.7345 0.1017
MESO-4 0.8757 -0.0099 1.0611 0.0005 2.4927 -0.3245
Table 2. D10 values for x-ray and carbon-ion beams by based on survival curves of each cell line
X-ray carbon-ion(13keV/um) carbon-ion(80keV/um)
C D10(Gy) D10(Gy) RBE D10(Gy) RBE
H28 4.76£0.29 3.48+0.35 1.40*+0.16 1.67%+0.23 3.00+0.34
H226 5.08%0.35 3.63+0.31 1.42+0.12 1.86+0.16 2.79+0.22
H2052 5.09+0.51 3.96+0.5 1.33%+0.19 1.7+0:23 3.09+0.38
H2452 5.28+0.33 4.21%£0.62 1:32+0:22 1.81£0.04 2.93+0.07
MESO-1 5.42+0.33 4.13+0.33 1.34x£0.12 2.38+0.21 2.31£0.20
MESO-4 2.74%+0.14 2.17+0.07 1.24%0.02 1.08%0.07 2.43+0.15
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Figure 4: Plot of the numbers of chromosome as a function of the D10 values for X-rays and carbon-ion beams in each cell line

Figure 3 showed the Dy, values for carbon-ion beams with 2 different LET values plotted as a function of the
D) values for X rays on each cell line. The results indicated there was a linear correlation in low LET carbon-ion
beams but there was an exponential function correlation between X rays and high LET carbon-ion beams. Unlike
low LET carbon-ion beams, the Do values of high LET carbon ions increased slowly according to the increase
the Dy, values of X rays. Otherwise we examined the chromosome number on each cell line to clarify the
relationship between the cellular radiosensitivity and chromosome number of a cell. Figure 4 shows the plotted
data of the D)y values for X rays and carbon-ion beams as a function of the chromosome number. The result
showed that the D, values are not clearly correlated to the chromosome number of each cell line except for the
MESO-4 cell line.

The resulting values for a and § are given in Table 2. In almost experiments except for MESO-1 negative
values were observed in the data irradiated by 80keV/um carbon-ion beams. In most cases the negative B values

were not significantly different from zero.

Discussion

In this report, the radiosensitivity of six malignant pleural mesothelioma cell lines irradiated with X rays or
heavy-ion beams were investigated. The Dy values, which is one of the parameter for cellular radiosensitivity, of
six kinds of cell lines range from 2.74-5.42Gy for X rays, 2.17-3.48Gy for low LET carbon-ion beams
(13keV/um), and 1.08-2.38Gy for high LET carbon-ion beams (80keV/um). The RBE values on each cell line
used in this study, calculated by the Dy, relative to X rays, range from 1.24 to 1.42 for 13keV/um- and from 2.3
to 3.09 for approximate 80keV/um-beam irradiation. Hikkinen ef al. reported that different mesothelioma cell
lines showed a great variation in radiosensitivity [4]. Suzuki et al. [11] showed in the reports using carbon-ion
beams that RBE values for the 16 kinds of different human cells range from 1.06 to 1.33 for 13keV/um beams
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and from 2.00 to 3.01 for 77keV/um beams. Blakely et al showed that the RBE values for inactivation of T-1
cells in an aerobic condition were about 1.2 for the 13keV/um beams and 2.3-2.9 for the 85keV/um beams. The
RBE values of our result in this report for the HIMAC carbon-ion beams were almost consistent with previous
reports. Here we first reported that an increase in RBE with increasing LET was detectable in all of the six kinds
of malignant pleural mesothelioma cell lines as well as other human cell lines.

We also have shown in this study some of the critical biological characteristics of mesothelioma cells
associated with carbon-ion-beam irradiations as compared with X-ray irradiations. We examined the
chromosome number and distribution on each cell line to clarify the relationship between the cellular
radiosensitivity and chromosome number of a cell. Our present data was indicated that no strong correlation
appears between the cellular radiosensitivity and chromosome numbers in the case of either X ray or carbon-ion
beam. Schwartz et al. [6] reported that there was no relationship between DNA content and radiation sensitivity
as measured by the cell survival assay or the induction of chromosome aberrations, although cells with larger
DNA contents tended to have more chromosome damage per cell at equitoxic doses.

Suzuki et al. showed that the radiosensitivity (Do values) between X rays and carbon-ion beams was well
correlated [7]. Our data indicated that the radiosensitivity (Dy, values) for X rays was a good linear correlation
with those for low LET carbon-ion beams, but there was an exponential function correlation between X rays and
high LET carbon-ion beams. The Dy, values of high LET increased slowly according to the increase in Djo
values of X rays. The result indicates that much less radiation damage can be expected with low LET carbon-ion
beams and high LET carbon-ion beams can have highly cell-killing effect even on radioresistant malignant
pleural mesothelioma cell lines. Terato and Nikijoo er al. [14, 20] reported that high LET ionizing radiation
might induce complex clustered DNA damage which was refractory to repair or associated with error-prone
repair and results in severe biological endpoints as compared to sparsely distributed lesions. This seems to give
an advantage to carbon-ion treatment, as tumor cells are targeted with the Bragg peak part of the beam.

Although now we know the increase in cell-killing efficiency of six kinds of mesothelioma cell lines with high
LET carbon-ion irradiation compared to X rays, the mechanism have not been investigated. Apoptosis induced
by high LET heavy-ions also may be as a possible mechanism whereby heavy ions can overcome the
radioresistance upon X-ray irradiation [7, 21], and we will study that in future.

Conclusion

To our knowledge, for the first time the radiosensitivity of six kinds of mesothelioma cells have been
investigated in response to carbon-ion irradiation. We have shown that the RBE values of those mesothelioma
cell lines for carbon-ion beams were also consistent with previous reports using carbon-ion beams with similar
LET values. This result suggested the possibility that the radiation therapy by carbon-ion beams was effective for
the malignant pleural mesothelioma.
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Abstract

To investigate the correlation between cell cycle arrest induced by ionizing radiation and cellular
radiosensitivity, two human melanoma cell lines, 92-1 and OCM-1, were irradiated with 200 kVp X-rays and
100keV/um carbon ions. The radiosensitivities of both cell lines were assessed by colony forming assay, DNA
damage and repair by Comet assay, cell cycle distribution by flow cytometry, and protein expression by Western
blot and immunofluorescence. The radiosensitivity of 92-1 cells was significantly higher than that of OCM-1
cells. Evident G2 arrest was induced in both cell types in a dose-dependent manner. The G2 arrest in OCM-1
cells could reach to a higher maximum than that in 92-1 cells exposed to the same dose. Different from OCM-1
cells, part of the G2-blocked 92-1 cells could not reenter cell cycle. Those cells could not reenter cell cycle was
proportional to the irradiation dose. Abortion of G2 block with caffeine promoted cell cycle reentering and
enhanced cell survival relatively, which implies that the disability to reenter cell cycle is related to cellular

radiosensitivity. Revealing the mechanism will provide promising means to sensitize cells to ionizing radiation.

Introduction

It has been generally accepted that DNA is the key target of ionizing radiation and DNA double-strand break
(DSB) is initially the most critical damage. The induction and/or repair of DSB are intricately involved in
radiosensitivity "%, Cellular processes relating to DNA damage and repair, such as those signaling pathways
recognizing DNA damage and activating repair systems, are sure to have substantial influence on radiosensitivity
BIbut their correlation with radiosensitivity remains unclear.

™, among which cell cycle

Many advances in radiobiological study have been made in the most recent years
regulation mechanism is thought to be extremely important for earning cells sufficient time to facilitate repair,
and to minimize replication and subsequent segregation of DNA lesions ©*). DNA damage generally results in G2
arrest of the cell cycle ") It has been supposed that the longer the time consumed for DNA repair before
apoptosis, the more resistant the cell line will be ®!. Radioresistance of some human cancer cells is closely

correlated to y-ray-induced G2 arrest . Abrogation studies also support this hypothesis. Caffeine "',

121 and protein kinase inhibitor 7-hydroxystaurosporine ["*! sensitize cells to ionizing radiation by

pentoxifylline
abrogating G2/M arrest. However, some reverse results have also been reported. Schwartz et al.™ failed to
confirm the correlation between G2 phase duration and radiosensitivity. Xu et al.!"”! believed that G2/M
checkpoint abnormality was not linked to cellular radiosensitivity. Playle et al.l' pointed out that abrogation of
the ionising radiation-induced G2 checkpoint was not necessarily associated with sensitisation to ionising

radiation although some colorectal tumour cell lines can be radiosensitised by G2 checkpoint inhibitor UCN-01.
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Mainly because of the various cell types they used, the correlation between cell cycle block and cellular
radiosensitivity is still inconclusive.

Well-established human uveal melanoma cell lines 92-1 7 and OCM-1 ") were used in present study to
investigate the cell cycle variations induced by X-rays. Finally, a correlation between G2 arrest and
radiosensitivity was confirmed by a detailed comparison of the does response and kinetics of G2/M phase of
these two types of cells.

Methods and Materials
Cell culture

Human melanoma cell lines 92-1 and OCM-1 were grown with RPMI-1640 medium (Sigma) complemented
with 10% fetal bovine serum (FBS, Hyclone), 100 pg/ml streptomycin and 100 units/ml penicillin in a
humidified atmosphere of 95% air and 5% CO,. 5x10° cells were seeded in 25 em? culture flasks 2 days before
irradiation, which resulted in less than 70% confluence at the time the cells were irradiated.

Irradiation

X-ray irradiations were performed with a Pantak-320S generator (Shimadzu, Tokyo) operated at 200 kVp and
20 mA with 0.5 mm Al and 0.5 mm Cu filters. The dose rate was 1 Gy/min. 100keV/um carbon ions were
generated by HIMAC and the dose rate was 1 Gy/min. All irradiations were carried out at room temperature.

Colony formation assay

Cell survival was determined by conventional colony-formation assay. Briefly, cells were collected by
trypsinization and resuspended in RPMI-1640 medium complemented with 10% FBS. Cell concentration was
determined with a cell counter (Coulter, model Z1 with a 100 um aperture tube). Cells were diluted with medium
and seeded in 60 mm Petri dishes (3002 Falcon) to provide 50-100 colonies per dish. Dishes were incubated for
18 and 13 days for 92-1 and OCM-1 cell lines, respectively, then fixed with 10% formalin in PBS and stained
with 1% methylene blue. Colonies containing more than 50 cells were identified as survivors under a
stereomicroscope. The plating efficiency of 92-1 cell line was 0.53£0.09 and that of OCM-1 cell line was
0.6510.03 (meantSD). Both multi-target model and linear-quadratic model were employed to analyze the
survival data (KaleidaGraph, Synergy Software).

Cell Cycle Assay

After post-incubation for various periods, cells were harvested and fixed with 70% of pre-chilled ethanol for
over 24 h at —20°C. The fixed cells were washed and resuspended in PBS, treated with 100 pg/ml RNase A, and
stained with 50 pg/ml propidium iodide (PI) for 30 min at 37°C. Cell cycle distribution was analyzed with
Modfit software (Verity Software, Topsham, ME) from the histogram of DNA content measured with a flow
cytometer (FACScan, Becton Dickinson).

Immunofluorescence

Exponentially growing cells were plated in four-well slide chambers (Lab-Tek, Naperville, IL, USA) at a
density of 8x10° cells/well and then irradiated with x-rays or carbon beam, fixed for 10 min in 4%
paraformaldehyde, permeabilized for 20 min in methanol at -20°C, blocked for 1 h with 5% skim milk, and
stained with primary antobodies (mouse anti-yH2AX antibody was purchased from Upstate Biotechnology,
mouse anti-ATM pS1981 from Rockland, CyclinB, 14-3-3, Cdc2, Cdc2 phosphorylated at Thr14 and Tyrl5,
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Caspase3,and y-tublin from Santa Cruz, USA) for 2 h. The bound antibody was visualized using Alexa Fluor®
488 anti-mouse antibody or Alexa Fluor® 546 anti—rabbit antibody (Molecular Probes, Eugene, OR, USA), and
cell nuclei were counterstained with DAPI solution (Invitrogen, Eugene, OR, USA). Slides were observed under
a fluorescence microscope (Keyence, Tokyo, Japan). At least 100 cells were scored for each sample, and the

average number of foci per cell was calculated.

‘Western blot

Western blots were carried out following routine protocol. Briefly, cells were collected by centrifugation at
300 g, 4°C for 5 min, and lysed in appropiate amounts of lysis buffer (Biyuntian, China). Samples were
centrifuged at 10000 g, 4°C for 15 min and the concentration of total protein was determined from the
supernatants using BCA protein assay kit (Pierce, Rockford, IL, USA). Thereafter, samples were mixed with
sample buffer (250 mM Tris HCI, 5% B-mercaptoethanol, 50% glycerol, 10% SDS, 0.5% bromophenol blue),
boiled for 5 min, and equal amounts of protein (10 pug) were separated by 10% SDS-PAGE gels (BioRad, Tokyo,
Japan). PVDF membranes (GE healthcare, Beijing, China) were rinsed in 100% methanol for 10 seconds and
subsequently in transfer buffer (48 mM Tris, 39 mM Glycine, 0.037% SDS, 20% methanol) for 5 min, and
blotting was performed at 0.8mA/cm” for 1 h in a transblot semidry blot cell (BioRad, USA). Thereafter,
membranes were blocked for 1 h in blocking buffer (PBS-T, 5% skim milk) and incubated with primary
antibodies for 1 h. After three washes with PBS-T, membranes were incubated with secondary antibody for 1 h.
Finally, the membranes were washed three times in PBS-T and protein bands were visualized using the enhanced
chemiluminescence (ECL) system (Amersham-Buchler, Braunschweig, Germany) and exposed to X-ray medical
film (Kodak, Japan). The primary antibodies to B-actin and a-tubulin were purchased from Santa Cruz, and the

others were the same as those used in immunofluorescence.

Statistical analysis
All the experiments were repeated at least three times, and the data were presented as mean = standard error
margin (SEM). Significance levels were assessed by student’s #-test, and p<0.05 was considered as statistical

significance.

Results

Cell survival of both cell lines was measured by routine colony-forming assay. The sensitivities of 92-1 and
OCM-1 cells were dramatically different (Figure 1). As shown in Table 1, D10 and other survival parameters
were obtained by multi-target model. SF2, the survival fraction induced by 2 Gy of irradiation, were 0.87 and
0.13, and the D10 were 7.10 Gy and 2.21 Gy, respectively. Significant differences in their radiosensitivity were
revealed between the two cells lines.

Figure 2 shows the cell cycle distribution of 92-1 and OCM-1 cells exposed to 10 Gy of X-rays. Both cell
lines were blocked at G2 phase. More than 80% of OCM-1 cells were blocked in G2/M phase while less than
60% of 92-1 cells exposed to the same dose were blocked. More attractive difference was in the ovecoming of
G2 block. OCM-1 cells overcame the block and reentered the cell cycle in 48 hours. However, the cell cycle
distribution in 92-1 exposed to 10 Gy of X-rays lasted for as long as 6 days after cells were blocked in G2 phase.
The flow cytometry profile revealed that the blocked cells did not exit the cell cycle but stay un-changed. Similar
results were observed when cells exposed to 100keV/um carbon ions (data not shown).

Figure 3 presents the percentage of G2/M-phase 92-1 cells exposed to various doses of X-rays. In both cases,
those cells cannot reenter cell cycle were proportional to the radiation dose. When the dose was over 3 Gy, cell

cycle “ceased” in more and more cells.
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Table 1 Parameters of survival curves

DO D10 Dq m SF, (%)
X-rays 92-1 1.00+0.11 2.21+0.05 0.11+0.03 1.11+0.02 13.1
OCM-1 2.16+0.03 7.10£0.03 0.31+0.02 1.94+0.07 87.2
Carbon 92-1 0.51+0.04 1.32+0.14 0.34+0.19 1.22+0.11 2.70
OCM-1 1.24+0.08  2.70+0.17  -0.03+0.02  0.97+0.02 19.0
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Figure 2. Cell cycle kinetics of 92-1 and OCM-1 exposed to Gy of X-rays.

Post-irradiation time (h)

It has been reported that two main factors play important role in G2-M transition, cyclin B1 and Cdc2 (Stewart

and Pietenpol, 2002). The activation of CyclinB1/Cdc2 requires enough expression and nuclear-localization of
CyclinB1, and phosphorylation of Thr161 and dephosphorylation of Thrl4 and Tyrl5 of Cdc2.

Immunofluorescence revealed that both cell lines met no problem in nuclear-cytoplasm trafficking. However,

different from OCM-1 cells, the CyclinB1 and phosphorylated Cdc2 were mainly located in nuclei (Figure 4).
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Figure 6. Immunofluorescence of Cdc2 phosphorylated at Thr14 and Tyr15 in 92-1 cells.

A, control; B, 10 Gy X-rays, 9 h post-irradiation; C, 10 Gy X-rays, 48 h post-irradiation

Cdc25 in both cell lines was lower than corresponding control, which was consistent with the increased
phosphorylaiton level of Cdc2 at Thr14 and Tyrl5. At 48 h after irradiation, the phosphorylation of Cdc2
decreased, however, the residual phosphorylated Cdc2 formed foci in 92-1 cell nuclei (Figure 6).

Caffeine abrogates G2 arrest by inhibiting ATM activity. As shown in Figure 7a, after treated with 10mM
caffeine, 92-1 cells exposed to 10 Gy of X-rays reentered cell cycle and apoptosis was activated. Caffeine per se
is cytotoxic to cells and decreases cell survival. But despite of the toxicity of caffeine, the survival fraction of

92-1 cells was increased when the cells reentered cell cycle (Figure 7b).

Discussion

Cell cycle checkpoints are supposed to identify the level and type of DNA damage, arrest damaged cells at an
appropriate phase and activate various repair systems to remedy their damage. It is a crucial self-protective
mechanism for cells to monitor genome integrity to ensure the high-fidelity transmission of genetic information.
In mammalian cells, loss of cell cycle checkpoints has been linked with genetic instability and cancer formation
120 Abrogation of cell cycle block leads to increased apoptosis when combined with ionizing radiation [,
However, controversy exists over the correlation between cell cycle and cellular radiosensitivity. One of the
possible reasons is the cell types. Various cell types used by different research groups make it difficult for
comparison, especially because the induction of apoptosis by caffeine *'!, the sensitization of cells to ionizing

radiation by pentoxifylline ', and so on, are cell-type specific.
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Figure 7. Survival of 92-1 cells exposed to 10 Gy of X-rays. 48 hours later after exposed to X-rays, cells were treated with
caffeine for 24 hours, and then cell cycle distribution was examed with flow cytometry and colony-forming assay
was performed to detect survival fractions. A, cells without any treatment were used as control; B, survival
fractions of X-ray+caffeine treatment were normalized to corresponding samples treated only with caffeine.

C, cell cycle distribution of 92-1 cells at 48 h after exposed to 10 Gy of X-rays.

The p53 status of two cell lines we used in present study have been well characterized by previous studies
(22241 Wwhich verified that 92-1 cells have wildtype p53 while OCM-1 cells have not. Recent discoveries have

(2528 with the former being

shown that the induction and maintenance of G2 arrest employ distinct mechanisms
p53-independent and the latter p53-dependent. Our results provided supportive data, which showed that both
92-1 and OCM-1 cells were blocked in G2 phase by ionizing radiation no matter of the p53 status. But, G2 arrest
in OCM-1 cells were overcome in 48 hours while that in 92-1 cells last for 6 days.

The cell cycle block happened in 92-1 cells exposed to 10 Gy radiations was not a simple G2 block since the
proportion of each phase remained stable and no more G1- or S- phase cells ran into G2 phase. It seemed that the
cell cycle process ceased. Those cells with ceased cell cycle induced by 5 Gy of X-rays or 1.7 Gy of carbon
beam were also out of cell cycle processing for hours (data no shown). Although Western blot revealed that
degradation of CyclinB1 and the foci of phosphorylated Cdc2 might contributed to the cell cycle cease, further

studies should be carried out to reveal further mechanisms.

— 125 —



Conventional colony forming assay reflects the proliferative death. Cell cycle cease blocks cell division and
consequently reduces colony forming ability and survival fraction. Thus, 92-1 cells apprear radiosensitive to
ionizing radiations. Cell cycle cease induced by ionizing radiation is related to cellular radiosensitivity. The
mechanism of this novel phenomenon might provide de novo means to sensitize tumor cells to radiotherapy.

Conclusion

We report here a new phenomenon that ionizing radiation induces cell cycle cease following G2 arrest by
degrading CyclinB1 and forming Cdc2 foci phosphorylated at Thr14 and Tyr15. This cell cycle cease might
contribute to cellular radiosensitivity and provide new means to sensitize tumor cells to radiotherapy.
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Abstract

The aim of this study is to investigate kinetic variation of histone H2AX phosphorylation (YH2AX) in
human melanoma cells (OCM-1) after irradiation with carbon ions. We analyzed cell survival, cell
cycle distribution and gamma H2AX immunofluorescence change using flow cytometry. Results
suggested that YH2AX positive cells increased as a function of radiation dose (0.5-4Gy) followed by
dose-dependent decay. In this study, we concluded that there was significant linear correlation between
surviving fraction and residual YH2AX level in human melanoma OCM-1 cells 8 hours after carbon ion

irradiations.

Introduction

During past 40 years, the incidence of melanoma increased substantially. Although melanoma only
accounts for 10% of skin cancer, it is responsible for at least 80% of skin cancer death. It is reported
that most melanomas have poor sensitivities in radiotherapy or chemotherapy [1]. Recently, high linear
energy transfer (LET) charged particles therapy is an interesting approach for the treatment of
melanoma because of its increased potential to kill low-LET radio-resistant cells [2].

DNA double-strand breaks are generally accepted to be the most important potentially lethal lesions
produced by ionizing radiation. A method for the sensitive detection of individual double-strand breaks
is based on measurement of a specific phosphorylation on histone H2AX, that occurs rapidly at the site
of each double-strand break [3]. Antibody labeling of the phosphorylated form of H2AX (YH2AX)
together with flow cytometry provides a rapid and objective method of quantifying this molecule after
irradiation [4]. In contrast to other DNA damage assays (e.g., pulsed-field gel electrophoresis or comet
assay), YH2AX can be used to detect double-strand breaks at therapeutic doses. Some researchers
reported that the fraction of tumor cells retaining YH2AX foci 24h after X-irradiation has been
correlated with the fraction of cells that survive to form a colony [5, 6]. The aim of this study was to
evaluate the response of a melanoma cell line to carbon ion irradiations by determining yYH2AX
cytometric variation and cell colony survival.

Material and Methods
1. Cells

Human choroidal melanoma cells (OCM-1) were used in this study. OCM-1 cells were cultured in
RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine serum (FBS, Hyclone), 100 ug/ml
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streptomycin and 100 units/ml penicillin (Gibco, Japan). Cells were incubated at 37°C in a humidified
atmosphere with 5% CO2.
2. TIrradiation

Monolayer cell samples were irradiated with carbon ions generated by Heavy lon Medical
Accelerator in Chiba (HIMAC) of National Institute of Radiological Sciences (NIRS). The
dose-averaged LET of carbon ion beams was selected to be 50keV/um.
3. Clonogenic assay

Clonogenic assay was measured by the standard colony formation method. Briefly, exponential
growing cells were seeded in 60 mm dishes to form approximately 75 surviving colonies after 14 days
of incubation. The colonies were fixed with 10% formalin and stained with 1% methylene blue. The
surviving fraction was then calculated from the colony count.
4. Flow cytometry for histone H2ZAX phosphorylation

Cells were fixed in a solution of 1% methanol-free formaldehyde for 15 min on ice followed by
suspension in 70% ethanol. Samples could be kept at -20°C for up to 2 weeks before analysis. Fixed
samples were rehydrated in 1% BSA solution and incubated for 2 h with anti-gamma H2AX
monoclonal antibody (Abcam, 1:200 dilution). Then samples were washed by centrifugation and
resuspended for one hour in secondary Alexa fluor 488 conjugated goat anti mouse IgG (Invitrogen,
1:200dilution). After a second rinse, cells were resuspended in 10ug/ml Propidium iodide (PI; Sigma)
to stain DNA. Analysis was conducted using BD FACS-Calibur. All samples staining-prepared should
be analyzed within 24hr.

Results

In this study, we detected the kinetics of YH2AX in OCM-1 cells from 2hr to 16hr after carbon ion
irradiation using flow cytometry. After reaching maximum levels 2 hr after irradiation, average YH2AX
intensity decreased in OCM-1 cells over the next 16 h. However, values did not return to control levels
after 16 hours after exposure. Figure 1 showed that yH2AX histograms shifted to the right side

representing higher YH2AX intensity with the increasing irradiation doses.
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Figure 1. Variation in relative position of histogram representing gamma H2AX immunofluorescence intensities in

OCM-1 cells irradiated by carbon ions with different doses.
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Figure 2 represented the distribution of YH2AX positive cells after carbon ions irradiation. The
maximum value occurred at 2hr after 4Gy irradiation, which was 77.02%, respectively. Then it
decreased to 17.30% at 8hr. However, at 16hr the positive cells increased once more, to 32.18%.
Possible reason for this tendency might be that most OCM-1 cells were arrested in G2/M phase 16hr
after 4Gy irradiation (figure 4).
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Figure 2. kinetic of histone H2AX phosphorylation in OCM-1 cells irradiated with carbon ions. Controls from 2hr, 4hr
and 8hr groups did not have significant difference in this study(data not shown here).

To determine whether the residual level of yYH2AX after irradiation might be related to survival assay,
YH2AX expression measured in cells fixed at different time points after 0—4Gy were compared each
other. The correlation between surviving fraction and the percentage of YH2AX positive cells at 8 h
post-irradiation was analyzed (figure 3). Linear regression analysis revealed a significant correlation

(R?= 0.89, p < 0.05) between surviving fraction and the percentage of YH2AX positive cells.
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Figure 3. Correlation between surviving fraction and the percentage of YH2AX positive cells at different time points.

Linear fitting for data of 8hr after irradiation, R2=0.89, p<0.05.

Meanwhile, we could analyze the variation of cell cycle distributions at different time points after
irradiation (figure 4, table 1). Thus, to assess the mean extent of DNA damage (frequency of DSBs) for
cells at a particular phase of the cycle, the mean values of YH2AX IF could be possible. Since we could
calculate separately for G1, S, and G2/M cells by the computer-interactive “gating” analysis (data were
not shown here).
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Figure 4. Cell cycle block of OCM-1 cells after carbon ion irradiation.

Table 1. Cell cycle distribution in OCM-1 cells after carbon ion irradiation with different dose.

Dose (Gy) | Time after irradiation (hr) | GO/G1 phase (%) | S phase (%) | G2/M phase (%)
D 2 54.60 2.01 29.91
16 60.68 1.78 29.18
o 2 55.32 2.03 32.48
16 59.86 1.73 31.02
{ 2 56.98 2.14 3277
16 49.33 1.13 41.91
9 2 55.59 1.94 30.99
16 23.75 0.61 62.86
. 2 56.80 1.96 31.46
16 7.96 0.46 73.52
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Discussion

Recently, YH2AX as an ultra-sensitive indicator of the presence of DSBs (sensitive even at the mGy
level) has largely supplanted physical methods for the detection of DSBs {6]. Analysis of YH2AX has
potential to provide useful information on tumor and normal cell response to ionizing radiation after
exposure to clinically relevant doses of radiation [7]. It was reported that radiation sensitivity,
measured as clonogenic-survival fraction after 2 Gy, was correlated with the fraction of yH2AX
remaining 24 hours after irradiation [8]. There are two techniques to detect YH2AX: image analysis of
YH2AX foci and immunocytochemistry with flow cytometry. Although image analysis of YH2AX foci
containing thousands of molecules of YH2AX could make it possible to detect a single break within a
nucleus, flow cytometry provides an accurate way of measuring the rate of formation and loss of
vH2AX in heterogeneous populations of cells [9]. This study chose the immunocytochemistry with
flow cytometry method to analyze the variation of H2AX phosphorylation after carbon ion irradiations.

Different researchers came from various study groups reported different conclusions about the
relationship between surviving fraction and histone H2AX phosphorylation. Olive PL research group
reported that analysis of YH2AX had the potential to provide useful information on tumor and normal
cell response to ionizing radiation after exposure to clinically relevant doses of radiation [7]. Other
researchers suggested that there was not a close correlation between residual yYH2AX foci and
radiosensitivity in some tumor cell lines, which showed high expression of endogenous phosphorylated
H2AX foci [10]. However, in this study, we concluded that there was significant linear correlation
between surviving fraction and residual YH2AX level in human melanoma OCM-1 cells 8 hours after

carbon ion irradiations.
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Abstract

Over 4000 cancer patients have already been treated by the heavy-ion medical accelerator in Chiba (HIMAC) at
the National Institute of Radiological Sciences (NIRS) since 1994. HIMAC has been required to realize a
stable beam with the same conditions for daily operation, and has completely satisfied over 15 years. We
report the status of the recent operation of HIMAC. The production of carbon ions is harder effort than other
ion species for ion sources, especially. We summarize 15 years experiences of the carbon-ion production too.

Outline of the HIMAC facility
1. Origin of requirement

In early 1980’s, the mortality from cancer became the first cause, and the number of cancer deaths in 1990’s was
estimated to be approximately 300 thousands in Japan. Because the weight of the advanced aged people was
expected to become heavier in the composition of the population. Japanese government required development of
new treatment methods for the cure of cancer patients to hold good for the “Quality of Life” of the patients after the
treatment. The heavy ion radiotherapy was studied at Lawrence Berkeley Laboratory since 1950’s, and it was
promising expected to realize a new radiotherapy.[1] The heavy-ion medical accelerator in Chiba (HIMAC)
project had been promoted by the Government as one of the projects of “Comprehensive 10 year Strategy for
Cancer Control” which came into operation in 1984.

Since HIMAC was designed as the first medical dedicated heavy-ion accelerator complex in the world, the
requirement for the medical use of heavy ion beam was not well-known. In addition, all of researchers, i.e., medical
doctors, biologists, and physicists expected enough high potential for the future research. For ion species, Si or Ar
ions were considered giving the highest oxygen gain factor. The maximum range of 25 cm and irradiation field of
15 x 15 cm were required, respectively. The maximum dose rate was 5 Gy/min effectively. An accelerator and a
treatment delivery system had to satisfy enough stability and reproducibility. As a result, established principle,
structure, and devices were chosen. New challenging technology was avoided as possible as we could.

2. Design concept and original specification

Although the 3D spot scanning method had been realized for the proton therapy at NIRS, the wobbler method was
chosen as the beam delivery to obtain a good uniformity for trunk organs.[2] The beam irradiation system is
comprised of a pair of scanning magnets (so called ‘wobbler magnets’), a beam scatterer, a range shifter, a ridge
filter, a multileaf collimator and several beam monitoring devices.[3] A pair of scanning magnets is orthogonal
bending magnets and is used in association with a beam scatterer to form a uniform dose in the lateral distribution.
A range shifter is a device which uses absorbers for the fine tuning of the ion range to conform the depth of the
tumor. A multileaf collimator is a field-shaping device which tailors the beam according to the perpendicular cross

section of the tumor. The beam compensator, so called ‘bolus collimator’, and the patient collimator in certain cases

— 134 —



are to be set just in front of a patient. In order to obtain a better dose distribution by the multi-direction irradiation, a
treatment room has a horizontal and a vertical beam lines. In order to measure and count the irradiated dose, the
principal and subordinate ionization chambers are placed separately as dose monitors. These are prepared to protect
against overdose irradiation in case of either counter disabled. Flatness monitor comprises are to be monitored
continuously to keep the uniform distribution of the beam intensity in the irradiated area. This method gives a
simple way for control the irradiation dose. It’s easy to stop, continue, and abort the treatment due to the unexpected
failures. In addition, it’s also suitable for any gated irradiation techniques.

The maximum beam energy of 800 MeV/u is supplied for the treatment. It gives a range of 30 cm in water for Si
ions and was enough for making the above required irradiation field by the wobbler method. The synchrotron
consists of two rings, which are installed in the upper and lower underground floors and are operated independently
of each other except the alternate injection and excitation of magnets. The storage of radioactive isotope beams or
the forming of quasi-cbntinuous beam were the scope of future developments. The diameter and the circumference
are 41 and 130 m, respectively. The maximum magnetic rigidity is 9.75 Tm. The bending magnets are of sector
type and have the maximum field of 1.5 T. A multi-turn beam injection scheme is adopted to increase the beam
current.[4] Although these parameters of synchrotron were orthodox without risks, later developments. were still
necessary. For irradiation treatment gated by respiration of a patient in order to minimize an unwanted irradiation to
normal tissues around tumor, a special beam extraction system has been developed too.[5]

The beam is accelerated up to 6 MeV/u for injection into the synchrotron. This energy gives enough charge
stripping efficiency for fully stripped Si ions by a thin carbon foil which is located just after the injector linac. An
Alvarez linac was chosen as the final injector accelerator. The Alvarez linac is operated at a frequency of 100 MHz
with the maximum repetition rate of 3 Hz and the maximum duty 0of 0.3 %. It is comprised of three independent RF
cavities. Each cavity is operated at the same frequency with the RFQ linac with a peak rf power of 1.4 MW. The
diameter of the cavity is about 2 m and the total length of the linac is 24 m. A 100 MHz debuncher cavity is
installed in the beam transport line and the energy spread can be reduced within 0.2 %. An RFQ linac was installed
before the Alvarez linac and accelerate the beam up to 800 keV/u for injection into the Alvarez linac. The RFQ
linac is operated at the same frequency, repetition rate and duty.[6] This structure was expected low risk to
manufacture.

The linacs accept ions with an energy of 8 keV/u and a charge-to-mass ratio 1/7 or larger. Two ion sources, one
is a PIG ion source and the other is an ECR ion source, were originally installed for production of various ions. A
PIG ion source is a hot cathode type. A typical magnetic field strength, a pole gap and a typical extraction voltage
are 7 kG, 20 cm and 35 kV, respectively. The source is operated by the typical pulsed arc with a width of 400 ms.
The peak discharge power is of 2 A. A 10 GHz NIRS-ECR ion source has a simple minimum B structure for the
magnetic confinement of the plasma, which is attained by two mirror magnets and a permanent sextupole magnet.
The maximum axial mirror field and radial sextupole field on the magnet surface are 9.3 kG and 9.0 kG, respectively.
The maximum extraction voltage is 25 kV. Since the lifetime of PIG source is shorter than the ECR ion source, the
10 GHz NIRS-ECR is utilized to produce carbon ions for the clinical treatment.[7] The PIG ion source is mainly
utilized to produce lighter ions or ions by spattering a solid material.

A patient’s positioning system, and a treatment planning system are also important for the treatment system. The
details of such systems have been described in references 8 and 9.

3. Control system

One of the most important aims of the control of HIMAC facility was to obtain enough stable beams with good
reproducibility. The control system was designed under the policy of the passive and static ways. The active
feedback system is not used as possible. All of the devices of the accelerator components are made controllable
through a computer system. All of the parameters and measured values are digitalized and can be saved as a
parameter file after beam tuning. Under the well-known condition, since the parameter set up can be obtained
automatically, it is only needed for an operator to select the parameter file and to turn on the start-up button. In
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order to realize the same beam trajectory with the same magnetic field, all transport magnets are set towards the
well-established excitation pattern. Although this procedure takes several minutes, the merit to obtain a good
reproducibility.  This policy is also effective for the quality assurance and control.

Status of the operation of HIMAC

In a typical weekly schedule of beam time, the beam tuning starts up on Monday. Patients are treated during the
daytime of weekdays. Every night and on weekend, beam time is available for general experiments. The
accelerator facility is shut down in the night of Saturday or in the morning of Sunday. The maintenance and the
research development without the beam are carried out in the daytime of every other Monday. The combination of
two synchrotrons to form the quasi-continuous beam was developed, but it’s not necessary for the daily treatment.
Almost experimental users also preferred to use longer machine time or more various ion species instead of the
continuous beam. Therefore, in order to use the two synchrotrons more effectively, the time-sharing acceleration
system of the injector was developed to supply different ion beams to the two synchrotrons simultaneously. All
magnets in the beam transport line were replaced for the pulse operation. Another ECR ion source was installed to
produce intensive highly charged heavier ions like Fe, Kr, and Xe. The 18 GHz NIRS-HEC ion source has the
similar structure as the 10 GHz NIRS-ECR, however the magnetic field and the extraction voltage are improved. As
a result, three independent users can use different beams after the lower, upper synchrotrons and the linac.

HIMAC is stopped in two long research and maintenance periods per year. Large modifications or installations
were done in these periods. The number of operation days is normally 250 days. About 180 days are occupied by
the treatment. Fig. 1 shows the statistics of HIMAC operation in the financial year 2008. The injector linac (INJ)
was operated for 5774 hours. This operation time includes the beam providing to the synchrotrons and individual
experiments with the injector’s energy beam. The operation time for the experiment was 884 hours. The upper
synchrotron and the lower one (USY & LSY) were also operated for 5713 and 5724 hours, respectively. The
operation time for the treatment was 3174 hours by the upper beam transport line and the lower one (UBT & LBT).
The operation time for the experiment was 4582 hours too. The users including the treatment received the beam for
8640 hours per year, successfully. The ratio of failure to operation for INJ, USY, and LSY were 0.3 %, 0.2%, and
0.1%, respectively.
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Fig. 1 Statistics of HIMAC operation (FY2008)
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Fig. 2 Increasings of patients, treatment plannings, and irradiations

Fig. 2 shows the numbers of patient, treatment planning, and irradiation per year. At first, about 1000 irradiations
per year were carried out in 1995. But now the total number of irradiation exceeded 9000. Although the capacity
of irradiation mainly depends on the patient positioning time rather than the irradiation time, this increasing of
irradiations clearly shows the evidence of the stable operation of the facility. On the other hand, the number of

troubles of the irradiation system are increased as the number of patients.

Experience of producing carbon ions at HIMAC
1. Improvement of ion source

Although the best ion species principally depends on the tumor type and location and condition of the patient,
the present facilities and almost all of the plans for heavy ion radiotherapy require a carbon beam due to its better
biological dose distributions than helium or neon when the depth of a tumor and its thickness are 15 and 6 cm,
respectively (typical conditions usually encountered). For almost components of the facility, it’s not so
different that the accelerated beam is carbon or not. However, for ion sources, the production of carbon ions is
harder effort than other ion species. The performance of the 10 GHz ECR ion source is degraded due to carbon
deposition on 1) an electric insulator, 2) the waveguide, 3) the plasma-chamber wall, and most of the other parts.
This easy to prevent 1) since the insulator does not directly face the plasma or the beam. For the prevention of
2), it is effective that a simple rectangular waveguide is connected to the plasma chamber at the far position from
the plasma. Microwaves are propagated in free space, and their transmission efficiency is worse in this way.
Therefore, the chamber size must be sufficiently larger than the wavelength, and the power of the microwave
amplifier must be sufficiently high. The deposition on 3) is normally unavoidable. This causes an
‘anti-wall-coating effect’, i.e. a decreasing of the beam, especially for the higher charge-state ions due to the
surface material of the plasma-chamber wall. The ion source must be required to produce a sufficiently intense
beam under the bad condition in which the wall is completely covered by carbon deposition. In order to supply
carbon ions for clinical treatments at HIMAC, C** or C*" ions are produced for daily clinical treatments, mainly
by a 10GHz NIRS-ECR ion source. The record intensity has reached 430 epA for C* under good conditions,
just after a cleaning; however, the beam intensity decreases to about 300 epA caused by rapid carbon deposition
after several days. We performed the last cleaning on March 2004, and checked the intensity yearly. Asa
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result, although the intensity was slightly y
decreasing, the source was able to produce

about 240 epA, 3 years after without @
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affect the intensity due to carbon deposition. for C** after cleaning of the chamber wall.

In this meaning, copper is also a good
candidate. The extraction slit and the puller are also important heat-up parts. These are therefore made of
molybdenum, and the puller is cooled by water. Pulsed operation is also effective to reach to a stable condition
as soon as possible. Although the beam intensity varies during the first few tens of minutes, it becomes fairly
stable within 1 hour.
2. Effort to decrease failures

There are two types of the tendencies of the long-term variation of failures. One example is the case of the
10 GHz ECR ion source. This device’s development was not completed at the design stage and it was
necessary to improve by the commissioning. Fig. 4 shows the long-term variation on failures that have stopped
beam production, or caused an instability. “Serious failures”, which stopped the source operation for more than
one day, and “Heavy failures”, which required more than one hour for recovery, occurred during the early stage
of operation. These were mainly due to bags of components, which have been improved. It was possible to
recover from “Light failures” by resetting the parameters, or making small corrections, which also increased
several years after. Since these are mainly due to aging deterioration, it can be managed by replacing any weak
parts before their lifetime. It is also important to consider a reduction in the number of parts in the design.

Failures of the klystron-based microwave amplifier account for one third of all the failures. It seems that the
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frequency of these failures is over the usual average. Finally, we aborted to use the old amplifier, and
developed a new traveling-waveguide tube (TWT) amplifier with NEC microwave Co. Ltd. TWT has a smaller
maximum power than that of the klystron. In the case of our microwave guide system, over 1 kW of
microwave power is necessary to produce C** ions, due to the low transmission efficiency. We combined two
700 W TWT for the amplifier. Since the lifetime of TWT is expected to be over 15000 hours, the operational
cost becomes cheaper. After we replaced the amplifier on August 2004, no failure has occurred at the
microwave. So that, another medical facility, Hyogo, has also been replaced instead of old one. Gunma Univ.
has adopted the same device too. Due to these improvements and maintenance, no serious or heavy failure had
occurred for 4 years.

An example of another type of the tendencies of the long-term variation of failures is the failures at the
irradiation system. If the probability of failures at each device does not change, these failures are proportional
to the number of irradiations. In order to decrease such failures, the quality assurance (QA) and control in the
daily operation are very important. The QA activity of the irradiation system was described minutely in
Reference [11].

In July 2009, there was a serious failure on high-voltage after a long time. Although the precise analysis of
the failure has not been completed, the cause is guessed as follows. The small leakage current was occurred
due to the deterioration of electric isolation between the plasma chamber on the high-voltage and the yoke of
mirror magnet and other parts on the ground potential. The current intensified the corrosion of cupper chamber
and alumina insulator. It finally caused a large high-voltage breakdown. It seems such failure is categorized a
long-term steady deterioration in the quality of parts 15 years after. We are afraid many parts will have more
serious situations after 20 years since the construction.
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Abstract

The first clinical trial with carbon beams generated from HIMAC was conducted in June 1994. The total number
of patients treated was in excess of 4,000 as of June 2008. The impressive advance of carbon-ion therapy using
HIMAC has been supported by high-reliability operation and by the development of accelerator technology.
Based on more than ten years of experience with HIMAC, we have proposed a new treatment facility for the
further development of therapy with HIMAC. The new facility, as an extension of the existing one, has been
designed, and the related R&D work has been carried out. The following descriptions give a summary account
of the design study and the related R&D work for this new treatment facility at HIMAC.

1. Introduction

Heavy-ion beams are very suitable for the treatment of deeply seated cancer because of an excellent
physical-dose distribution and high-LET characteristics around the Bragg peak. Therefore, NIRS decided to
carry out heavy-ion cancer therapy with HIMAC [1]. The first clinical trial of cancer treatment with carbon
beams was conducted in June 1994. The total number of patients treated until June 2008 was more than 4,000.
Based on more than ten years of experience with HIMAC, we have proposed a new treatment facility toward
adaptive cancer therapy [2] with heavy ions, making the one-day treatment of lung cancer possible. Further, the
new treatment facility should accurately treat a fixed target, a moving target with breathing and/or a target near a
critical organ. For these purposes, a 3D-scanning method with a pencil beam is employed in the new treatment
facility. A phase-controlled rescanning (PCR) method [3] has been proposed and studied, especially for treating
a moving target. A rotating ganfry with the PCR method [4] is also employed in order to reduce the patient’s
load, such as face-downward position during patient positioning, and to increase treatment accuracy for a tumor
near a critical organ through multi-field optimization [5]. In addition, we have designed the beam-delivery
system, the rotating gantry system, the treatment flow including patient positioning and the facility planning.
The related R&D work has also been carried out with HIMAC since 2006. We review the design study and the
related R&D work for the new treatment facility at HIMAC.

2. Design consideration
In HIMAC ftreatments, we have observed shrinkage of the target size as well as a change in its shape during
the entire treatment. In order to keep the sophisticated conformations of the dose distributions even in such

cases, it has been required that treatment planning is carried out just before each fractional irradiation, which we
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call adaptive therapy. For this purpose, 3D scanning with a pencil beam should be employed, because it does not
use any bolus and patient collimators, which take a long time to be manufactured. It is also well-known that 3D
scanning has brought about a high treatment accuracy in the case of a fixed target [6]. However, this method has
not yet been applied to treating a moving target with breathing in practical use. Therefore, we have developed
the PCR method to treat a moving target, as mentioned in 3.1.

A "C beam is mainly used for treatments that have been carried out in the existing HIMAC treatment.
Different ion species will also be employed for the further development of HIMAC therapy. Thus, the maximum
ion energy is designed to be 430 MeV/n in both the horizontal and vertical beam-delivery systems, in order to
obtain more than the residual range of 30 cm in a C beam and more than that of 22 c¢m in an '°O beam. The
maximum lateral field and SOBP sizes are 25 cm x 25 cm and 15 cm, respectively, in order to cover almost all
treatments with HIMAC [7]. On the other hand, the rotating gantry system employs a maximum energy of 400
MeV/n, a maximum lateral field of 15 cm x 15 ¢cm, and a maximum SOBP size of 15 cm in order to downsize
the gantry. Further, positron-emission beams, such as ''C and >0, will be used to verify the irradiation area and
their ranges in a patient’s body. At HIMAC, R&D work has been carried out in order to obtain
positron-emission beams accelerated directly through the HIMAC accelerator [8], instead of using the
projectile-fragmentation method.

The new treatment facility is connected with the upper synchrotron at HIMAC. In the treatment hall, placed
underground of the facility, three treatment rooms are prepared in order to treat more than the present number of
patients with the HIMAC treatment. Two of the treatment rooms are equipped with both horizontal and vertical
beam-delivery systems, and the other one is equipped with a rotating gantry. Two treatment-simulation rooms
are also equipped for patient positioning as a rehearsal, and for observing any change in the target size and shape
during the entire treatment period with an X-ray CT. Furthermore, there are six rooms devoted to patient
preparation before irradiation. A schematic view of the new treatment facility is shown in Fig. 1.

e ; e ew Treatment Facility

t room §

Fig. 1. Schematic view of the new treatment facility and the present HIMAC.
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3. Design study and R&D work
3.1 Development of the HIMAC accelerator

The beam intensity from the HIMAC synchrotron has been increased in order to complete one fractional
irradiation with one cycle of synchrotron operation. In this case, the efficiency of the gated irradiation will be
increased by extending the flattop duration, which will save considerable irradiation time. In order to increase
the beam intensity, we have thus carried out a tune survey during beam injection. As a result, it was found that
the 3rd-order coupling resonance caused beam loss. This resonance was corrected by four sextupole magnets,
and the beam lifetime was increased by more than 5 times. Further, we tried multi-harmonics operation of the
RF acceleration system in order to suppress the space-charge effect after bunching. This operation increased the
acceleration efficiency by around 40% [9]. Consequently, around 2x10' carbon ions can be accelerated to the
final energy. This intensity is sufficiently high to irradiate almost all tumors treated with HIMAC when using
the 3D-scanning method with a beam-utilization efficiency of more than 90%. The extended flattop operation
was successfully tested at the HIMAC synchrotron. In the scanning experiment described in 3.4, the flattop
duration was successfully extended to around 25 s from 2 s used in routine operation, as shown in Fig. 2.
Further, the beam profiles during an extraction duration of 100 s were measured by a multi-wire proportional
counter in the high-energy beam-transport line. From the results of an analysis of the measurement, it was
estimated that both the position and the size for the extraction duration of 100 s were stabilized within +£0.5 mm

at the iso-center.
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Fig. 2. (a) The extended FT operation. From upper trace, Current of X and Y scanning magnet, the extracted
beam current. The full span is 145 s. (b) Enlarged figure of (a).

3.2 Design of beam-delivery system

Both the horizontal and vertical beam-delivery systems consist of a pair of scanning magnets, dose monitors,
aridge filter and a range shifter. The total length of the beam-delivery system is around 9 m. The beam-scanning
speed is designed to be 100 mm/ms for fast scanning. Two dose monitors, which are parallel-plate ionization
chambers with an effective area of 250 mm?, are used for dose management. The beam position and size are
monitored by multi-wire proportional counters. Considering the slice thickness, the Bragg peak is slightly
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spread out by a mini ridge filter. The range shifter is utilized to change the slice in the target. Thus, the range
shifter should be as close as possible to the iso-center in order to avoid any change of the beam size by multiple
scattering through the range shifter. Ref. [3] describes its design in detail and the beam-delivery system is shown
in Fig. 3. In order to verify the proposed 3D-scanning method, a test bench of the beam delivery system with
3D-scanning method has been constructed in the physics experimental hall at HIMAC.

In the present design, the rotating gantry employs a pencil-beam raster scanning, which is identical to the one
used for the horizontal and vertical beam-delivery systems. It is important for the gantry design to avoid any
change in beam size in accordance with the rotation angle. Thus, we will adapt a compensation method of
asymmetric phase-space distribution [10]. This method is based on multiple scattering by a thin foil placed at
the position with optimum beam-optical parameters in the beam-transport line. Further, the final dipole magnet
is divided into 30-degree and 60-degree magnets, and two scanners are placed between the two magnets in order
to extend the effective length from the scanners to the iso-center. The total weight of the gantry system is around
350 tons.
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Fig. 3. Test bench of beam-delivery system

3.3 Verification of PCR method

In 3D pencil-beam scanning, an interplay effect between the scanning motion and the target motion brings
about hot and/or cold spots in the target volume, even when using the gated irradiation method [11], because the
sizes of the distal and lateral dose profiles of the pencil beam are comparable to the residual motion range. The
PCR method, therefore, which is combined with the rescanning technique and gated irradiation, is employed in
order to avoid producing hot/cold spots. In the PCR method, rescanning on a slice is completed during one gate
generated in the respiration period of the patient’s breathing. Since the moving target position is averaged in
both the lateral and distal directions, the hot and/or cold spots are not produced. The rescanning method requires
a relatively large number of scans, which cause a relatively long irradiation time. Based on the uniform time
structure of a beam extracted from the HIMAC synchrotron, we have thus developed a novel optimization
technique for fast scanning in order to shorten the irradiation time, in which extra exposure during the transition
of each spot is taken into account [12]. The result of a simulation study showed that the PCR method provided a
feasible solution in which a dynamic beam-intensity control technique [13] based on the RF-KO slow extraction
method [14] plays an important role for adequately controlling the phase correlation under a relatively small
number of rescanning procedures. In the PCR method, it is noted that the irradiation time for each depth slice
should be adjusted to be within 1-2 s of the respiration gate duration. Consequently, we obtained a feasible
solution for a moving target irradiation by fast raster-scanning method with rescanning and gating functions.

3.4 Scanning experiment

Since 3D-scanning is one of the key technologies for the PCR method, we carried out a fast raster-scanning
experiment by using the HIMAC spot-scanning test line [15]. The irradiation control system was slightly
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modified so as to be capable of raster scanning irradiation instead of spot scanning irradiation. At the present
stage, we have adapted the measured dose response of the pencil beam with an energy of 350 MeV/n,
corresponding to a 22-cm range in water. The beam size at the entrance and the width of the Gaussian-shaped
mini-peak were 3.5 and 4 mm at one standard deviation, respectively. The validity of the beam model and the
optimization calculation had already been verified experimentally [12]. Using the dynamic intensity control
system, the beam intensity was kept almost constant during irradiation. In the experiment, a spherical target of 4
cm in diameter was irradiated so as to produce a uniform physical dose field. The measured dose distributions
were in good agreement with the calculation result at different penetration depths.

4. Summary

At the HIMAC accelerator complex, beam studies were carried out especially for increasing the irradiation
accuracy and treatment efficiency. As a result, we were able to upgrade the performance of the HIMAC
accelerator complex. Based on this upgrade, we have proposed a new project for further development of
heavy-ion therapy with HIMAC, entailing the construction of a new treatment facility. The new treatment facility
has three treatment rooms: two rooms are equipped with horizontal and vertical beam-delivery systems equipped
with a 3D pencil-beam scanning capability, and the other with a rotating gantry with a 3D pencil-beam scanning
capability. The beam-scanning irradiation method uses the PCR method with a fast scanning performance. These
developments have made continuous successful progress since 2006.
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Abstract

In order to use an intensity-controlled raster scan method at the new treatment facility in HIMAC, we have
developed a novel code system dedicated to the planning of radiotherapy with the scanned '°C beam. The
variation of beam-spread in the direction lateral to the beam axis and non-collinearity of the beam by scanning
magnets in the horizontal and vertical directions are considered in the beam model. Inverse planning
techniques are implemented in the software in order to obtain the uniform biological dose distribution within the
planned target volume (PTV) as well as reduce the dose delivered to the organ at risks (OARs) delineated on
clinical CT images. The scan trajectory is determined so that the path length will be minimized by applying a
fast simulated annealing algorithm for scan trajectory optimisation. Furthermore, the extra dose inevitably
delivered to the irradiated site is integrated into the inverse planning process to shorten the treatment time. The
code also copes with the planning for intensity modulated ion therapy (IMIT). Treatment plans were produced
for several CT images of the patients treated at HIMAC. The beam steering file is produced with the software
in which the position and particle fluence for each raster point is written following the optimised scan trajectory.
The reliability of the developed code has been confirmed through the irradiation experiments according to the
beam steering file at the secondary beam line in HIMAC.

1. Introduction

A project to construct a new treatment facility as an extension of the existing Heavy-lon Medical Accelerator
in Chiba (HIMAC) facility has been initiated for further development of carbon-ion therapy at the National
Institute of Radiological Sciences (NIRS) [1][2]. The new treatment facility will be equipped with three
treatment rooms, two of them will provide the horizontal and vertical fixed beam ports, and another one a
rotating gantry [3][4]. In all rooms, three-dimensional (3D) irradiation with pencil beam scanning [5] will be
utilized in order to make full use of the advantages of heavy-ion therapy such as high dose concentration and
high relative biological effectiveness (RBE) around the Bragg peak. This method has already been
implemented for clinical use at the Paul Scherrer Institute (PSI) with protons [6] and the Gesellschaft fiir
Schwerionenforschung mbH (GSI) with carbon ions [7]. In the method, a pencil beam is scanned in both the
transverse (x and y) and longitudinal (z) directions within the target volume. The former can be achieved by a
pair of deflection magnets while the latter can be achieved either by the insertion of range shifter plates, as used
at the PSL, or active energy variation of a synchrotron as developed by the GSI. The range shifter plates will be
used in the new treatment facility because of its capability to change the beam-stopping position within a few
hundred milliseconds. The effect of the additional beam spread and the increase of the projectile fragments due
to the insertion of the range shifter plates has to be included in the dose response function of the scanned beam.
In addition, we will continue to use the RBE model for therapeutic carbon beams developed and verified by the
clinical results obtained over the last 10 years in HIMAC [8][9]. Furthermore, in the facility, we intend to treat
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not only static tumors but also moving tumors with the scanned carbon beam by using gated irradiation [10] and
re-scanning methods in the run-up to establishment of other facilities [2][11]. In order to fulfill all of these
requirements and produce a beam steering file, we have to develop an inverse planning code dedicated to
radiotherapy with the scanned '>C beam which suits for the unique scanning system designed at the new
treatment facility in HIMAC. This paper describes the basic principles of the code.

This paper is structed as follows. The physical beam model employed in the treatment planning is described
in section 2.1.  The principle of the biological dose calculation and its incorporation into the software is shown
in section 2.2. The dose optimization method is briefly described in section 2.3 and the flow of the treatment
planning is shown in section 2.4. Some typical planning results are shown in section 3 both for single field
planning and the intensity modulated ion therapy (IMIT) planning. The strategies for planning quality
assurance (QA) and beam monitor unit (MU) calibration will be presented in section 4, and finally the study

findings are summarized in section 5.

2. Methods and Materials
2.1. Beam Model

In 3D irradiation with pencil beam scanning, the prescribed dose distribution can be achieved by
superimposing the dose of the individual pencil beams d with different stopping positions according to the
optimized weights w for these beams. The beam model employed in the developed tool is described here.

The Bragg peak of the pristine beam is slightly broadened to produce a “mini peak” by the ridge filter, and is
used as a pencil beam. In the new treatment facility, pristine beams with about 10 individual energies will be
prepared between 140 MeV/u to 430 MeV/u. We assume that the x and y coordinates denote the horizontal and
vertical directions and the z coordinate the direction parallel to the beam axis. Then, the 3D dose response
a5, 123%0, Y0, 20) at a point %#*Yi*%i) delivered by the pencil beam centered at 6270220/ can pe splj
into three components, two components in lateral directions, d,,(xi;xo,c, (z,-;zo ) and dy (Yi;yo’c" i»%0 j
and one, d.%;izo , in parallel to the beam direction, and represented as follows:

d(xi’J’i:zx;xm)’mzo)= dx(xt;xo:o'x zi;z()))dy (yi;yO’Gy(zi;zD))iz(zi;zo)_ 1)
Here, d, (1,%0,0 . @132)) and 4, i>y0:9, (z";z")) are the normalized Gaussian functions with standard

- o -3 . : .
deviations ®* 370) and 7% 2) representing the beam spread at a depth % described by
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, respectively. On the other hand, 4, @7) is the integerated dose at a depth of % derived by integrating
the dose response over the plane perpendicular to the beam axis (x-y plane) as

Hd(xi’yi’zi;x()ay()az())ixaiy=dz(zi;20)‘ ey
In 3D irradiation with pencil beam scanning, a pencil beam is scanned in both the transverse (x and y) and

longitudinal (z) directions within the target volume. The beam scan in the transverse direction can be achieved
using horizontal and vertical deflection magnets. The non-collinearity of the beam transport axis passing

through the position (*0,%0) on the isocenter plane from the deflection magnet is represented by substituting

¥

*0 and Yo with s ) and in equations (2) and (3),

where Zisocenter | Ly and 7 are the position of the isocenter in z coordinate, the distance from the horizontal
and vertical deflection magnets to the isocenter. On the other hand, the beam scan in the longitudinal direction
can be achieved either by the insertion of range shifter plates or by active energy variation of the synchrotron.
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In order to change the beam stopping position within a few hundred milliseconds, range shifter plates made of

PMMA will be used in the new treatment facility. In this case, the integrated dose distribution, d, (z" ;20), is
almost shift-invariant, i.e. the beam flux as well as the production of the fragment particles are almost constant,

since water-equivalent thickness of the intervening material is constant. In the software, 4,(i3%) measured
with a large-area parallel plate ionization chamber (PPIC) at several depths are interpolated and used to obtain

the value for a given depth %, as shown in Figure 1 for the '>C pencil beam of 350 MeV/u. The PPIC has a
sensitive area of 120 mm diameter, which was large enough to cover the whole beam diameter. The slight
deviation of the bean flux due to the difference between total reaction cross-section of PMMA and that of water
is corrected according to the thickness of the inserted range shifter plate. With regard the lateral distribution of
the beam, it was found that the additional beam spread resulted from the insertion of range shifter plates due to
the multiple scattering of the beam inside the plates. This effect may be negligible if the range shifter is
positioned close to the isocenter, while it is pronounced as the distance between them increases. The variation

of the lateral beam spread, i.e., 6. (zi37) and Cy (eis2o ), were determined from the measured beam spread as
a function of the depth z for various thicknesses of the range shifter plates as shown in Figure 2 for the horizontal
direction. They were fitted to a simple formula as a function of depth z and the maximum range z, determined
from the thickness of the range shifter plate, and incorporated into the planning tool. With this algorithm, the
effect of the beam spread due to multiple scattering in range shifter can be incorporated, at least for the primary
particles. When the range shifter was set far from the isocenter, the additional spread of the fragment particles
generated in the plate has the potential to cause the field-size dependence of the physical doses as reported by
Kusano ef al. [12]. However, the RBE for lighter fragments is relatively small comparing to that for primary
particles, hence, we expect that the effect is negligible concerning to the biological dose distribution. The
assessment of the effect is still remained in the future work.

Interpolation
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Figure 1: Dose distribution of a pencil beam measured with the PPIC (circles) as d’x ?mptin] of depth Zi in water.
The measured data were interpolated and used as the integrated dose ~ Z ZisZ0)

, [rm]

0 50 00 150 200 250
Depth in Water [mm]
Figure 2: The lateral beam-spread Ox (z,-;zo) of the pencil beam as a function of depth in water Zi in the x direction.

Circles, squares and triangles represent the measured beam spread for the range shifter thickness of 0, 30 and 60
mm, respectively.
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2.2. Biological Dose Calculation
When a biological system is irradiated with scanned pencil beams within a sufficiently short period of time,
the survival at point ©#>¥i2Zi/ s derived by '
Spix; =€XP I’:amix,iD  phys i Bmix,iDphys,iz - (5)
In the above equation, Dpiyss is the physical dose at the point i delivered by the scanned pencil beams with

their weights w. Cmix and B are the coefficients &® and B in the LQ model at i> Vi Z; given by

N N
iy = ijdi,jai,i ijdu
J=

A (©6)
N N
B =z],wjdi,j\/E / z},wjdi,j
= = @)

where % and By are the @ and B coefficients of beam j with the maximum range 20 at a depth of
% [13]. The formalism of survival fraction for mixed beam irradiation has been developed by Zeider and
Rossi [14], and its reliability has been experimentally verified [13] and successfully utilized for treatment
planning for carbon ions at HIMAC, NIRS [8][15]. Then the RBE at $i>%#>Zi} can be obtained from the
ratio between the doses required to obtain a desired level of cell killing, i.e. survival level s, by a reference
radiation quality (Co-60) and by the carbon beam as
RBE(S)= DC0—60 @00—601 BCo—&)’S)
' Dphys (xmix,i’Bmix,i 7S) . (8)

The survival level of 10% for HSG cells is used in the RBE calculation independent of the dose levels. Finally,

the biological dose at the point, Dot , can be calculated by

Dyio1; = Dppys ; XRBE; (S ) ©)

The & and B coefficients for a pencil beam are defined as a function of depth % and its maximum range

20, ClziiZ0) and Blaisz , as the integrated dose distribution 4, (z,-;zo for the beam. These coefficients

appeared in the biological dose calculation in the form of the produyct with d, (z";zi}gisdmwn in equations (6)
Zi>Z0

d 2320 Pulz;3 29 4.3z to the input da
Gyéﬁzo

and (7). Therefore, we tabulated the products and

d,

file along with 220J and the formulae representing’ the lateral beam spread 6.7 and

for each energetic pencil beam.

2.3. Dose Optimization

In dose optimization for 3D irradiation with pencil beam scanning, the best particle numbers (weight) and
positions of each pencil beam, i.e. the best 3D matrix of the pencil beams W, must be determined so that the
resulting dose distribution is as close as possible to the prescribed dose distribution within the target and does
not exceed dose restriction within the OARs. In determining the weighting matrix, the dose-based objective
function Jw is minimized by an iterative process. The objective function can be calculated as
760)- 3(03 By -0 01 o8 - Duts Y 00 B d-257]

eT . 0 ) 10
max min 0 a max

Deior; (w), Dy R Dy R Or R Or s Do , o is the biological dose at a point i obtained with the

matrix W, the maximum and minimum doses applied to the target T, the penalties for over- and underdosage

where

specified for the target, the maximum dose allowed for the OAR and the penalty for overdosage in OAR,
respectively. is the positive operator defined so as to take the value of 7 only if ¥ is greater than zero.
When the objective function fw takes the minimum value, the corresponding matrix W is adopted as the
optimized spot beam distribution. Our optimization calculation is based on the quasi-Newton method using the
L-BFGS-B algorithm [16].
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In raster scanning irradiation, the beam delivery is not switched off during the transition time from one spot to
the next. Therefore, in this scheme, the extra dose is inevitably delivered to the sites between two successive
spots during the beam spot transition, along the scan trajectory. The amount of the extra dose is proportional to
the beam intensity. Therefore, in the fast scanning irradiation using the beam with high intensity, the
contribution of the extra dose to the total dose has to be taken into account in the optimization calculation. We
added an additional term Ui representing the contribution of the extra dose to a voxel i to the objective
function as:

1)= 3{ 02,01+, 0E ]+ 01 bE™ 4, Drats 0] 300 Dy v - 08 ]
The RFfl:;Irlockout technique developed at the HIMAC synchrotron pro:?des a beam with the desired intensity
and suppressed spill structure [17]. Therefore, the amount of Ui can be predicted and treated as a constant
offset in the optimization calculation. With this method, we can find the best weighting matrix suitable for the
fast scanning irradiation [11].

In order to reduce the computation time required for dose optimization, the calculation of dose distribution is

limited within the target and OARs, and that of the gradient is limited within the region of raster-point in
iteration phase.

2.4. Flow of treatment planning

By using the developed software, the treatment plans are produced in the following procedure.

(a) Radio-oncologists delineate the PTV and OARs on the clinical CT images using an external platform, and
determine the primary treatment parameters, e.g. isocenter, desired dose level, irradiation method (single field or
IMIT), number of ports, and beam directions, based on the information about the position and type of tumor as
well as critical structures. The isocenter in CT coordinates coincides with the origin of the raster scanner
system. The scanner step size in the horizontal and vertical directions, Ax and &y , and step size of range
shifter plate, Az, are also determined at this stage. The CT images, geometrical information determined by the
radio-oncologists and the primary treatment parameters are imported from the platform to the software.

" (b) The CT images are stored into the segmented region for dose calculation by using the tri-linear
interpolation. The voxel size is determined taking both the precision and time required for the dose
optimization into account. The voxels within the PTV and OARs are identified with different flags.

(c) The x-ray CT numbers stored into each voxel is converted to the stopping powers relative to the stopping
power of water using a conversion table created based on the polybinary tissue model [18].

(d) The selection of raster-points is done automatically by the software from the PTV so as to account for the
dose fall-off at the longitudinal and lateral edges of the PTV due to the finite size of the mini peak and beam
width. At first, the PTV is extended laterally toward the outside by AS, and AS, . Then the extended PTV
is back projected onto the isocenter plane in beam’s eye view. The raster grids in the horizontal and vertical
directions, ® and Y are determined within the contour of the projected PTV. Then, the water-equivalent
depth is analyzed for every voxel along the beam transport axis passing through each raster grid X0.Yo
defined on the isocenter plane from the deflection magnets. From this information the extent of the extended
PTV by AS, in the beam direction and hence the maximum and minimum ranges of the pencil beam is
determined. With a knowledge of the maximum and minimum ranges, the new raster-points are placed in
between them along the axis according to the step size of range shifter plate Az .

(e) From the information about the maximum range found in (d), the optimum beam energy is selected among
10 individual energies prepared in the HIMAC synchrotron.

(f) In the raster-scan method, the region of raster-point was divided into slices of equal ion ranges. The beam
scanning begins at the distal slice (highest energy) and laterally covers each slice on a discrete x-y grid, until the
most proximal slice (lowest energy) is reached. In order to minimize the extra dose in raster scanning [11] and

shorten the treatment time, we determined the scan trajectory on each slice so that the path length would be

— 149 —



minimized by applying a fast simulated annealing algorithm to scan trajectory optimization [19][20]. In figure
3, the result of the scan trajectory optimization is shown for a single energy slice of a given plan.

(g) The particle numbers (weight) for each raster-point are determined by the dose optimization method
described in 2.3.

(h) Finally, the beam steering file is produced in which the position of the raster-point 0, Yo,
corresponding thickness of the range shifter plates, and the particle numbers (weights) of all pencil beams are

Zy
]

written in following the order of the optimized scan trajectory.
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Figure 3: The example of scan trajectory optimization on a single energy slice. (a) Initial zigzag trajectory.
(b) Optimized scan trajectory.

3. Results and Discussions
In order to investigate the clinical applicability of the developed software, treatment plans are produced for
data of patients treated at HIMAC. We can produce both a single field plan and an IMIT plan with the software.

3.1 Single field planning

As an example of single field planning, a patient having bone and soft tissue sarcoma was selected (Figure 4).
The biological dose of 1.0 GyE is delivered from a single port in the anterior to posterior direction. In this plan,
only the target volume is specified on the CT images and implemented for dose optimization. The maximum
and minimum doses applied to the PTV is 1.0 GyE and the penalties for over- and underdosage are 6 and 8,
respectively. The voxel resolution as well as the scanner step sizes , Ax and dy , and step size of range shifter
plate, Az was set to 2.0 mm. The beam energy determined for the plan was 350 MeV/u, and the total of
36351 raster points were located within the raster-point region. In figure 4, the planned distribution of the
physical dose, RBE and biological dose are shown with color-wash display on axial, sagittal and frontal CT
images. We can see that highly conformal biological dose distribution can be achieved within the PTV.
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(c) Biological Dose

Figure 4: CT images with color-wash display ot (a) physical dose, (b) KBE and (c) biological dose distribution.
The PTV is identified with yellow curve on each CT image.

3.2 IMIT planning

As examples of the intensity modulated ion therapy (IMIT) planning, two representative patients were
selected. The first patient had horseshoe-shaped cervical chordoma surrounding the spinal cord. The second
patient was a prostate patient. The problem for the treatment of prostate patients is the proximity of two critical
structures (rectum and bladder) adjacent to the target volume. A five equidistant, coplanar beam setup was
chosen for the treatment plan of both patients. The voxel resolution was set to 2.0 mm in all directions, while
the scanner step size as well as the step size of the range shifter was set to 2.0 mm for the chordoma patient and
3.0 mm for the prostate patient. Two types of plans were generated for each patient, a plan that considers each
of the five fields separately and an IMIT plan, in order to investigate the effectiveness of IMIT planning. For
the optimization of the chordoma and prostate patient the organ parameters listed in tables 1(a) and (b) were used.
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In figure 5, the biological dose distributions by a single-field plan and an IMIT plan are shown with color-wash
display for the cervical chordoma patient. Corresponding dose-volume histograms are shown with dashed-
curves (single-field plan) and solid curves (IMIT plan) in figure 6. It can be seen that the effective dose
delivered to the critical structure, i.e. spinal cord, could be reduced by a factor of 2.0 using the IMIT plan
without any deterioration in dose conformation to the PTV as compared to the single-field plan. On the other
hand, the biological dose distributions planned for the prostate patient with a single-field and an IMIT plan are
shown in figure 7(a) and (b), respectively. The dose-volume histograms corresponding to both plans are shown
in figure 8. The dose delivered to the rectum could be reduced by a factor of 1.2 using the IMIT plan.
However, that delivered to the bladder is almost the same among these plans. As shown in figure 7, the critical
structures, i.e. rectum and bladder, overlap the PTV, and hence a high dose of about 5 GyE is partially delivered
to the critical structures. In a future study, reasonable criteria for the selection of the planning strategy, single

field or IMIT planning, needed to be established according to each patient.

Table 1: The organ parameters specified for the PTV and the critical structures implemented into dose optimization.
(a): Cervical Chordoma

Organ/Tissue  max dose [GyE] penalty min dose [GyE] penalty volume [cc]
PTV 5.10 50 4.90 99 79.5
Spinal Cord 1.50 120 - - 7.0
Brainstem 1.50 120 - - 24.8
Right Eye 51 3 - - 6.6
Left Eye 215 ) - - 6.0

(b): Prostate

Organ/Tissue ~ max dose [GyE] penalty min dose [GYE] penalty volume [cc]
PTV 5 6 5 8 177.6
Bladder 34 4 - - 1592
Rectum 34 4 - - 68.8

(a) Separate plan (b) IMIT plan

Figure 5: CT images of the cervical chordoma patient with color-wash biological dose display . The yellow line outlines the
PTV and the watery lines delineate the OARs (spinal cord and brain stem). A five equidistant, coplanar beam setup was
chosen during planning.
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Figure 6: Dose-volume histogram of a five separate-beams plan (dashed curves) and a five-beam IMIT plan (solid curves)
for the cervical chordoma patient.

(a) Separate plan (b) IMIT plan

Figure 7: CT images of the prostate patient with color-wash biological dose display.
The yellow line outlines the PTV and the watery lines delineate the OARs (rectum and bladder).
A five equidistant, coplanar beam setup was chosen during planning.
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Figure 8: Dose-volume histogram of a five separate-beams plan (dashed curves) and a five-beam IMIT plan (solid curves)
for the prostate patient.
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5. Cenclusions

We have developed the inverse planning software for an intensity-controlled raster scan method, which is to
be used at the new treatment facility in HIMAC. The effect of the additional beam-spread due to the insertion
of range shifter plates and the production of projectile fragments within the plates are included into the beam
model of the scanned ’C beam. The biological model developed and used in HIMAC clinical trials was
successfully incorporated into the dose optimization engine of the software. The software was capable of
producing the beam steering file in which the raster position (x-, y- and z-coordinate), thickness of range shifter
plate and the particle number for each raster point are written in a way following the optimized scan trajectory.
The reliability of the software was confirmed through the irradiation experiments at the SBL in HIMAC. In
order to investigate the applicability of the developed software also to the IMIT planning, two patients with
cervical chordoma and prostate tumor were selected, and the IMIT plans were produced for them. The
effectiveness of the IMIT was clearly demonstrated in the cervical chordoma patient but no remarkable benefit
of IMIT was observed in the prostate patient. We plan to make a criteria which planning method (single field
or IMIT planning) should be used for respective treatment.

Currently, we are applying our software only for the CT images without a time axis. However, the
assessment of the effect of inter- and intrafractional motions on dose distribution with the intensity-controlled
raster scan method has already been started, and details will be presented in the separate paper.
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Abstract

A new carbon therapy facility is under construction at Gunma-University Heavy-lon Medial Center, GHMC. The
main accelerator is a slow-cycling synchrotron with an average diameter of around 20 m, and it accelerates
carbon ions up to an energy range from 140 to 400 MeV per nucleon. We have four treatment rooms in the new
facility, three of which will have a fixed horizontal beam line, both fixed horizontal and fixed vertical beam lines,
and a fixed vertical beam line, respectively. The fourth room will be used for developmental studies for advanced
irradiation techniques. The number of patients treated in the facility is expected to be around 800 per year. The
design details of the facility are based on design and R&D studies performed at the National Institute of
Radiological Sciences. Construction will be completed by the end of FY2008, and beam tests are now underway.

Introduction

In Japan, more than 300,000 patients succumb to cancer every year, with the number increasing rapidly year
by year. Protecting the public against the spread of cancer is of the highest priority. The National Institute of
Radiological Sciences (NIRS) decided to construct a high-energy heavy ion therapy facility, HIMAC [1], for this
purpose. Clinical trials were initiated with carbon beams in 1994. Accumulating the clinical results of more than
4,000 patients, it has been made clear that carbon therapy is greatly effective in the fight against human cancers
[2]. High construction and operation costs of a therapy facility, however, are the big obstacles in the growth of
carbon therapy. Design and R&D studies have been carried out at NIRS to obtain a cost-effective design for such
a therapy facility. Gunma University has been collaborating with these studies since 2004. A new facility under
construction at Maebashi will be the first demonstration facility of these developmental studies. _

In the design process, the following are considered to be important. Only high-energy carbon ions will be used
in the facility to reduce the size and cost of the apparatus. Beam characteristics should cover the clinical beam
characteristics of HIMAC. Our final goal is to establish a cost-effective design of a carbon therapy facility in a
hospital environment.

Our project is financially supported by the Japanese Government and local governments of Gunma Prefecture,
Maebashi City, Takasaki City, and many other cities in Gunma Prefecture.

2. Major specifications of the facility

Major specifications of the facility were determined on the basis of the statistics of clinical treatments at
HIMAC. It was decided to accelerate only carbon ions in the new therapy facility, with a maximum energy
established at 400 MeV/u. This energy ensures a 25-cm residual range in water and, for example, carbon ions
can penetrate a human body and reach the prostate through a patient’s pelvis. Another important requirement of
the new facility is to have two orthogonal beam lines directed toward the same isocenter. This beam line
configuration is required in order to realize sequential beam irradiation from different directions with single
positioning of a patient. A fast beam course and energy switching are also required for the same purpose. The
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major specifications of the facility are summarized in Table 1. The layout of the new facility is shown in Fig.1.
The main building of the facility is about 65 m x 45 m, completed at the end of October 2008. An outside view

of the new building is shown in Fig. 2.

Table 1. Major specifications of the therapy facility

Items

Contents

Ion Species
Range

Field Size

Dose Rate
Treatment Rooms

Carbon ions only

25 cm max. in water (400 MeV/u)
15 cm x 15 cm max.

5 GyE/min. (1.2x10° pps)

3 (H,V, H&V)

No rotational gantries
Fourth Room Prepared for future developments
[rradiation Techniques Respiration Gated
Single & Spiral Wobbling Methods

Layer-Stacking Method
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Fig.1 Plan view of the facility.

Fig. 2. Outside view of the facility

3. Accelerator system

The accelerator of the facility consists of an Electron Cyclotron Resonance (ECR) type ion source, a
Radio-Frequency Quadrupole (RFQ) linac, an Interdigital-H (IH) linac with Alternating Phase Focusing (APF)
structure and a synchrotron ring followed by a high-energy beam transport system. C** ions will be produced by
the ECR source and pass through a thin carbon foil installed downstream of the IH linac. An output energy of the
linac is determined at 4 MeV/u so that more than 90% of C** ions are converted to fully stripped ions. An
averaged diameter of the synchrotron is about 20 m and will accelerate C°* ions up to 400 MeV/u.
3.1. Ion source

In the ECR source, permanent magnets are adopted to generate magnetic fields both for sexta-pole and mirror
fields [3], [4]. Based on experimental studies with a conventional 10 GHz ECR source at HIMAC, the field
distribution of the mirror magnet is designed so that a charge distribution of carbon ions is optimized at 4+. A
microwave source with traveling wave-type power tube was adopted, with a frequency range and maximum
power of 9.75 — 10.25 GHz and 650 W, respectively. By tuning the microwave frequency, power level and bias
disc potential, we obtained more than 300 e 2 A C** ions stably at an extraction voltage of 30 kV. The normalized
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beam emittance was about 1 m mm-*mrad as expected. An example of charge spectra is shown in Fig. 3. A
photograph of the ECR source in the new facility is shown in Fig. 4.
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Fig.3. An example of charge spectra Fig. 4. ECR source installed at the new facility

3.2. Linac system

A linac system is composed of a conventional four-vane type RFQ linac and an interdigital-H type linac with
alternating-phase focusing (APF) structure [5], [6]. The RFQ accelerates carbon ions from 10 to 600 keV/u, and
the output energy of the APF-IH linac is 4 MeV/u. Since both linacs need no extra focusing element in the linac
cavities, the tuning procedure of the linac system is very simple and easy. The operation frequency is chosen to
be 200 MHz, and the cavity diameter is about 35 cm for both linacs. Cavity lengths are 2.4 m for RFQ and 3.4 m
for IH. The estimated rf power is about 100 kW for RFQ and 400 kW for IH. The peak surface field in the cavity
is kept at a rather low value of 23.6 MV/m (1.6 Kilpatrick) to avoid sparking problems. A 50 pg/cm? thick
carbon foil stripper is installed at the output of the IH linac. A stripping efficiency of C* to C®" was estimated to
be better than 90% [7].

In the design process of the APF-IH linac, a three-dimensional field calculation code, Microwave Studio, was
very powerful for obtaining resonant frequency, vgap voltage distribution, etc. Only one model cavity was made
to check the validity of the computer code before constructing a full-scale model at NIRS. With the full-scale
model, beam tests have been performed at NIRS, and the measured values of energy, energy spread, and beam
emittance of the accelerated beam reproduced the design values quite accurately. The transmission efficiency
through the linac system was also good, as expected.

The injector linac in the new building is shown in Fig. 5, together with the ECR source on the right. Major

specifications of the linacs are listed in Table 2.

Table 2. Specifications of the linac system

Items RFQ APF-IH
q/A 1/3 1/3
Frequency, MHz 200 200
Input/Output Energy, MeV/u 0.01/0.6 0.6/4.0
Inside Diameter of Tank, cm ~35 ~35
Tank Length, m 2.4 34
Max. Surface Field, MV/m 23.6 (1.6 Kilp.) 23.6 (1.6 Kilp.)
RF Power ~ 100 ~ 400
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Fig. 5. Injector in the new facility

Fig. 6. Synchrotron ring under construction

3.3. Synchrotron

The synchrotron has a conventional FODO type lattice structure and accelerates fully stripped carbon ions
from 4 up to 400 MeV/u [8], [9]. The circumference of the ring is 63.3 m and the average diameter is about 20 m.
The bending field changes from 0.13 to 1.48 T. There are 18 bending magnets in the ring, each of which is about
6 t, making the total weight over 100 t.

Horizontal and vertical tunes are designed to vary from (1.775, 1.198) to (1.73, 1.218) and (1.68, 1.235) at
injection, acceleration and extraction stages, respectively. The momentum compaction factor is around 0.33, and
errors in the bending field may affect rather strongly the beam orbit in the ring. The drift of the bending field
should be less than 5 x 10™ at the flat top. The tune spread due to space charge effects is estimated to be around

-0.07 in the vertical direction at injection.

Table 3. Major specifications of the synchrotron

Items Contents

Ion Species ol

Injection Energy 4 MeV/u
Extraction Energy 140 ~ 400 MeV/u

Beam Current

1.3x10° pps max.

Repetition 1/3 Hz, typical
Circumference 63.3m
Bending Field 0.13~148T
Acceptance
Momentum +0.3%
Horizontal/Vertical 250/26 7 mm - mrad
Injection Method Multiturn
Extraction Method Slow, 1/3 resonance
RF System
Frequency Range 0.87 ~6.77 MHz
Harmonic Number 2
Acceleration Voltage 2 kV max.
Estimated Power ~7kW
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A typical excitation pattern of the synchrotron field is the flat base, smoothing, flat top and total period of 0.05,
0.05, 1.6 and 3.0 sec., respectively. The value of dB/dt is designed to be 2.148 T/s. Ions not extracted during the
flat top will be decelerated to reduce unwanted radiation generated in the synchrotron ring.

The injection and extraction methods are conventional multiturn injection and slow extraction using 1/3
resonance, respectively. Acceptances of the synchrotron ring are 26 and 250 © mm-*mrad for vertical and
horizontal directions. During 25 turns of multiturn injection of 57.1 us, 5.1 x 10° carbon ions will be injected in
the synchrotron ring. Acceleration rf frequency varies in a range from 0.88 to 6.77 MHz with a harmonic number
of two. A single-gap acceleration cavity is loaded with Fe-based amorphous cores and generates a maximum
voltage of 2 kV. The maximum output power of the power amplifier is 8 kW.

The major specifications of the synchrotron are listed in Table 3, and a photograph of the synchrotron ring is
shown in Fig. 6.

4. Beam delivery system

The wobbler method was adopted for our beam delivery system based on more than 10 years experience at
HIMAC. In order to improve the beam efficiency in a large irradiation field size, we adopted a spiral wobbler
technique [10]. By single wobbler technique, the beam size is required to satisfy a definite relation with the
radius of the circular wobbling orbit at an isocenter. In the spiral wobbling scheme, however, the amplitude of
AC currents of the wobbler magnets is modulated properly, and the beam spot size can be much smaller than that
of a simple wobbling scheme. It takes less than 1 sec. to form uniform dose distribution when the frequency of
the wobbler field and amplitude modulation are 80 and 30 Hz, respectively. In Fig. 7, the principle of the spiral
wobbler method is shown schematically in comparison with the single wobbler method.

The distance between the iso-center and the final beam transport element of the bending magnet was chosen to
be 9 m. We can make a maximum 15 cm x 15 cm irradiation field with a dose distribution error better than
+2.5%.

The layer-stacking irradiation technique developed at NIRS [11] will be adopted. This technique is considered
to be effective for reducing an unwanted high-dose area in front of the target by controlling precisely the
multilieaf collimator during stacking irradiation.

A horizontal beam delivery system is installed in treatment rooms A and B, whereas a vertical system is
installed in rooms B and C. Treatment room D is empty at the beginning stage, and a scanning irradiation

technique with a sharp pencil beam will be developed in this room.

Wobbler Magnets  Scatterer

/\ / -.
— @] @;‘.

Fig. 7. Single wobbler method (top), and spiral wobbler method (bottom)
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5. Construction schedule

Construction of our facility started in February 2007. After completion of the new building in October 2008,
major apparatuses have been installed in the building until the end of 2008. Beam tests started with the ECR
source, and high power tests of the injector linacs have also been successfully completed. Beam tests of the
whole accelerator system will be carried out during the summer. The first treatment of a patient is scheduled in
March 2010. By 2017, we expect the total number of treatments to reach its final level of 800 per year.
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Abstract

In order to sophisticate the radiotherapy, high accuracy knowledge of the absorbed dose delivered to the patient
is essential. Despite recent progress in carbon ion therapy, accurate values for physical data such as the w value
in air or stopping power ratios for ionization chamber dosimetry have not been obtained. Therefore, that causes
the uncertainty in determination of the absolute doses for the carbon ion beams. For this reason, we developed
and performance-tested a portable graphite calorimeter designed to measure the absolute dosimetry of various
beams including heavy-ion beams, using a flexible and convenient means of measurement. The absorbed dose
obtained with the calorimeter was compared with that obtained using the ionization chambers following the
TAEA protocol in order to evaluate the w values in air for mono-energetic carbon ion beams of 135, 290, 400,
and 430 MeV/n. The comparisons to our calorimeter measurements revealed that, using the ionization chambers,
the absorbed dose comes out low by 2 to 6 % in this experimental energy range and with the chamber types and
calibration methods. The w values in air of the carbon ion beams were evaluated to be 35.72 J/C + 1.5% in the
energy range used in this study. This value is 3.5% larger than that recommended by the IAEA TRS 398 for
heavy-ion beams. Using this evaluated result, the absorbed dose to water in the carbon ion beams would be
increased by the same amount.

Introduction

Carbon radiotherapy is now one of the most effective methods for cancer therapy. The increased interest in
light ion therapy in the last few years has led to considerable efforts to improve the accuracy of light ion
dosimetry ' In comparison to electron, photon, or proton dosimetry, light ion dosimetry is still at an early
stage of development and has significantly larger levels of uncertainty. There is no established standards
laboratory supplying a dose calibration factor for light ion therapy. The comparability of tumor treatment with
different types of radiation requires measurement devices that allow an absolute and direct dose determination
with high accuracy. In radiotherapy, the relative standard uncertainty of the dose determination delivered to
tissue should be less than 5 %%,

For radiation fields in radiotherapy, dose determination generally relies on ionization chamber dosimetry because

of its good reproducibility, reliability, and its convenience in measurements. This dosimetry is based on calibration in

terms of air kerma or absorbed dose to water of ionization chambers in a well-known photon reference field and is

traced back to a national standard laboratory. A formalism of ionization chamber dosimetry for clinical light ion

therapy was presented in the TRS-398 Code of Practice issued by the International Atomic Energy Agency®. In this

protocol, constant values of 1.13 and 34.5 J/C for the stopping power ratio of water to air and the w-value of air for

heavy-ion beams are recommended to be used for the dosimetry. The relative standard uncertainty in the

determination of the absorbed dose to water in the case of an ion beam is listed as 3.0% for cylindrical chambers and

3.4% for plane-parallel chambers. This uncertainty comes primarily from the stopping power ratio of water to air and

the w-value, which are estimated to be 2.0% and 1.5%, respectively.

— 162 —



The most direct approach to determine the absorbed dose, D, is calorimetry™®', as it directly measures the
temperature rise of the irradiated material, that is, the absorbed energy. The dose is obtained by dividing the measured
absorbed energy dE by the mass of the material dm. Standardization of the clinical dosimetry procedures, however, is
achieved by the use of ionization chamber dosimetry and of commonly agreed-upon dosimetry protocols’®*»13:19),
These protocols recommend the use of water as a reference material. For heavy-ion beams, the only report concerns
the absolute dose by calorimetric measurements®; therefore, it is necessary to compare ionization chamber dosimetry
and calorimetry for various beams.

We developed a portable graphite calorimeter and a fully remote-controlled measuring system for flexible
operations using a LabVIEW program on a notebook PC in order to investigate the absolute dosimetry of various
beams including heavy-ion beams. The absorbed doses of carbon beams were measured by the developed graphite
calorimeter and also by ionization chambers following the IAEA protocol. Comparisons of absorbed dose obtained by
the graphite calorimeter and the ionization chambers are discussed in order to evaluate the w values in air in the

therapeutic carbon beams.

Methods and Materials

A schematic diagram of the developed graphite calorimeter is shown in figure 1'9. Irradiations were performed
using the “Co gamma ray, 155 MeV proton beam at PMRC, the following mono energetic beams: 135, 290, 400 and
430 MeV/n "*C which were accelerated by Heavy Ion Medical Accelerator in Chiba (HIMAC) at National Institute
Radiological Sciences (NIRS). The “*Co photon field and proton beam were used for verification of the graphite
calorimeter. The ion beams were irradiated with a uniform field of 10 cm in diameter'®. Depth dose distributions and
lateral profiles measured with a parallel plate ionization chamber are shown in figure 2. The water equivalent depth of
the measurements was 16.4 mm in the plateau region.

In order to estimate the w value for ionization chamber dosimetry in the energy region used in carbon ion therapy,
the calorimetric method was utilized to determine the differential w value for carbon ions in air. The w value can be
estimated by the comparisons between absorbed doses obtained using the ionization chamber dosimetry and those
obtained using the calorimetry. The absorbed dose to graphite in the carbon beams by the ionization chamber
dosimetry was calculated by following equation.

(gi»“’i’ )carbon (W_m )carban P, & ,carbon
(S g.air )60(,'0 W ar )606'0 P, £,60C0

where Mic carbon iS the iomization chamber output in the carbon beams, Np gupnite60co is absorbed dose to graphite

D graphite carbon = M IC carbon * N D ,graphite,60Co ‘

calibration factor for ®°Co gamma ray, Sgair is the stopping power ratio of graphite to air for the carbon beams, Wy; is
the w value in air for the carbon beam and Py capon is the all perturbation factor in graphite for the carbon beam.
Therefore w values in air for carbon beam are estimated by

calorimetry (§ ) ) P (Wair)
Dmpme,mbm' &2 Jo0Co "4 g,60C0 _'e"' 80Co

M IC carbon * N D, graphite 80Co (S g.ar )carban - P, g carbon

carbon

(Wair )
e
where D s e is the absorbed dose to graphite obtained by the calorimetry in the carbon beams.

The typical measured voltage change of a Wheatstone bridge corresponding to core temperature in the calorimeter
is shown in figure 3. Figure 3a shows the process of electrical calibration for the calorimeter measurements. The
electrical power was added continuously to the core for the calibration in Fig. 3a. Figure 3b shows the measurement
of core temperature rise by carbon ion irradiation. Beam spill patterns with a period of 3.3 seconds are clearly
observed in Fig. 3b.
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Figure 1. A schematic diagram of the graphite calorimeter used in this study .
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Figure 3. The typical measured voltage change of a Wheatstone bridge corresponding to core temperature. Figure 3a
shows the process of electrical calibration and Figure 3b shows the measurement of core temperature rise by carbon
irradiation. The electrical power was added continuously to the core for the calibration in Fig. 3a and beam spill

patterns with a period of 3.3 seconds are clearly observed in Fig. 3b.
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Results and Discussion

The ratio of the absorbed dose obtained by the graphite calorimeter measurements and by the ionization
chambers measurements in a **Co photon beam and 155 MeV proton beam are shown in figure 4. The left side
of the graph indicates the ratio of the absorbed dose by the calorimeter to those of the cylindrical and
plane-parallel chambers in a ®‘Co photon beam, and the right side of the graph shows the same ratio for the
absorbed dose in 155 MeV proton beam. The relative standard deviation of the graphite calorimeter
measurements in a **Co photon beam at a dose rate of 0.8 Gy/min was 0.79 % for seventeen calorimeter runs.
The horizontal dashed line represents the mean values for all ionization chamber types of the absorbed dose. The
average of the ratio of the absorbed dose by calorimeter to that by ionization chamber measurements in a *’Co
photon beam was 1.0025; in 155 MeV proton beam, the ratio was 0.9957.

The ratios of the absorbed dose to graphite obtained by the graphite calorimeter to that obtained by the
ionization chambers are shown in figure 5. The constant w,; value of 34.50 J/C in the IAEA TRS 398% was used
for the ionization chamber dosimetry. The combined uncertainty of these ratios was 2.3% at all energies and in
all chambers used in this study. The absorbed doses obtained using the ionization chambers were underestimated
by approximately 2 to 6% compared with those evaluated by the graphite calorimeter in this energy range and
with these chamber types and calibration methods. The large deviation of the absorbed doses obtained by the
cylindrical chambers for the 135 MeV/n carbon beam may be due to the uncertainty of the displacement effect. It
was found that these ratios have a slight energy dependence in the energy range studied.

The w,;; values for the carbon ion beams obtained in this study are shown in figure 6. The mean values of wy;
for the carbon ion beams by the N, calibration method and the ND_gmp,,,r,e,”C(, calibration method were 35.74 J/C
with a standard uncertainty of 1.4% and 35.68 J/C with uncertainty of 1.8%, respectively. The mean values by
the two calibration methods agree well within 0.2%. The mean value of the w,; for the carbon beams in the both
calibration methods was 35.72 J/C with a standard uncertainty of 1.5%. The wy;, value obtained is 3.5% larger
than that evaluated by the IAEA TRS 398 for heavy-ion beams. In the therapeutic energy range, the w,;, values
for the carbon beams should be adopted as the constant value for practical use because of the large uncertainty
and unknown perturbation factors of the ionization chambers.
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Figure 4. Comparison between absorbed doses obtained by the graphite calorimeter and the ionization
chambers. The left side of the graph indicates the ratio of the absorbed dose by the calorimeter to those of the
cylindrical and plane-parallel chambers in a “°Co photon beam, and the right side of the graph shows the same

ratio for the absorbed dose in 155 MeV proton beam.
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Figure 5. The ratio of the absorbed dose obtained by the graphite calorimeter to that obtained by the ionization
chambers following the IAEA protocol in two calibration methods for 135, 290, 400 and 430 MeV/n of the
carbon beams (corresponding to 77, 258, 371 and 402 MeV/n, respectively at the measurement depth).
Combined uncertainty of these ratios was 2.3% in this study using the constant w,; value for the heavy-ion
beams recommended by IAEA TRS 398¥. The error bar indicates the uncertainty for the Markus chamber.
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Figure 6. The w,; values obtained using calorimetric and ionometric methods for 135, 290, 400 and 430 MeV/n
of the carbon beams (corresponding to 77, 258, 371 and 402 MeV/n, respectively at the measurement depth).
These uncertainties were 1.8% for all chambers and in this experimental energy range by the N, calibration
method, 1.6% for the PTW 30011 Farmer chamber and 1.7% for the PTW 30001 Farmer chamber by
N, D,g,aphi,elﬁocg calibration method. The dotted red line indicates the mean value of w,;; values for the carbon beams
(35.72 J/C with a standard uncertainty of 1.5%). The error bar indicates the uncertainty for the Markus chamber.
The black symbols indicate the w,; values for heavy-ion beams adopted by the IAEA TRS 398%. The dotted
black line indicates the w,;, values for heavy-ion beam dosimetry recommended by the IAEA protocol.

— 166 —



Conclusions

In this study, the absorbed dose was measured with the developed graphite calorimeter and also with
ionization chambers following the IAEA protocol in order to evaluate the w values in air for mono-energetic
carbon beams of 135, 290, 400, and 430 MeV/n. The combined uncertainties of the absorbed dose to graphite
obtained by the calorimeter were approximately 0.4%. The comparisons to our calorimeter measurements
revealed that, using the ionization chambers and the IAEA protocol, the absorbed dose to graphite comes out too
low by 2 to 6 % in the energy range of this study.

The w,; values were obtained using calorimetric and ionometric methods for the carbon beams. The
uncertainties were 1.8% for all chambers and in this experimental energy range by the N, calibration method,
1.6% for the PTW 30011 Farmer chamber, and 1.7% for the PTW 30001 Farmer chamber by the ND,gmph,v,e,”Co
calibration method. The mean value of the w,; for the carbon beams in the both calibration methods was 35.72
J/C with a standard uncertainty of 1.5%. This value is 3.5% larger than that estimated by the IAEA TRS 398 for
heavy-ion beams. In the therapeutic energy range, the w values in air for carbon beams indicated a slight energy
dependence, but these should be applied as a constant value for practical use because of the large uncertainty and
unknown perturbation factors of the ionization chambers. Using this evaluated result, the absorbed dose to water
in the carbon beams would be increased by the same amount.
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Abstract

Short-lived radio-pharmaceuticals are extensively used in NIRS (National Institute of Radiological Sciences).
One of most important field is diagnosis for cancer treatment by PET  (Positron Emission Tomography) before
and after radio-therapy, and the accumulated number of these PET diagnoses was more than 1000 times in 2008
financial year. To produce RI’s for these radio-pharmaceuticals, three cyclotrons of NIRS-930, HM18, and
BC2010N are operated. In the field of RI is as the beam, which is produced in projectile fragment. In the
HIMAC facility, fragment separator was constructed to use Rl beam and several R&D’s were performed with
this beam course. In this experiment, effectiveness of positron emitter like ''C beam was used to verify an

irradiated volume.

1. Introduction

Since 1994, a clinical trial of cancer therapy with carbon ions has been successfully carried out at HIMAC
(Heavy Ton Medical Accelerator in Chiba) in NIRS, and more than 4500 patients were treated by this spring
(2009). Now, carbon beam is expected important treatment method with high local control and less damage on
normal tissue. To perform good treatment with the carbon ion therapy, information on metastasis in the patient is
important. The treatment with carbon ion beam will be applied in the case of no metastasis in general. To make
clinical choice in the cancer therapy, medical diagnosis with X-ray CT, MR, and PET will be used properly.
Especially, PET shows biological activities of cancer cell and this information is important to judge the carbon
ion therapy is suitable or not for the patient. The PET information is also important to determine the irradiation
volume, which will be used in the treatment planning. After irradiation, PET measurement is also required to
know a local control of the treatment is good or not. This measurement is important to know the irradiation
results in the early time. With these extensive usages of PET measurements, there is no period for stop of PET
measurements, though there are stop periods of HIMAC operation in March and August. To supply RI’s for PET
measurements without long stop-period, operation schedule of three cyclotrons must be arranged with shifted
maintenance periods between two compact cyclotrons.

As another field of application with RI, there are researches with radioactive nuclear beams (RNB). In the
current irradiation planning, beam range is calculated with x-ray attenuation strength that is measured with x-ray

CT as CT number. Though an empirical formula of relation between measured CT number and electron density
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is measured on each x-ray CT, there will be some ambiguity of few percent in its measured relation. By use of a
radioactive nuclear beam, there is possibility to measure a stopped region of the beam directly. The application
of an RNB beam was originally studied at BEVALAC of Lawrence Berkeley Laboratory [1]. Although their
early results showed useful data on the error of the stopping power in treatment planning with pencil beam,
which arises from the difference between the X-ray CT number and the actual stopping power [2]. Recently, the
PET (Positron Emission Tomography) has good efficiency and high efficiency with 3D data acquisition. With
the clinical dose of one fraction is possible to have a good activity image of injected ''C beam. To obtain a
clinical dose with an ''C beam whose intensity is lower than 1% of the primary beam in a fragment separator [3],
we must use an irradiation method with high beam-utilization efficiency. For this purpose, a spot scanning

irradiation system with ''C beam [4] was developed.

2. Cyclotron Operation and RI Production in NIRS

RI production for the use of diagnosis of cancer has started in 1975 by use of a NIRS 930 cyclotron,
which was constructed for the fast neutron therapy of cancer. Figure 1 shows a floor plan of the cyclotron
building, where beam lines of c1 and c2 are for RI production. When the treatment with carbon ion beam
has started, a compact cyclotron HM18 was installed in the same building as shown in Figure 1. From the
beginning of the treatment with carbon ion therapy, PET diagnoses have been used before and after
treatment in many cases except for prostate cancer. Since 1994 when the clinical trials have started with
carbon beam, treated patient number have increased rapidly. In 1999, another compact cyclotron of
BC2010N has been installed in a medical imaging building. With these two compact cyclotrons, short life
RI can be supplied without stop period. To realize this requirement with these two cyclotrons, machine
maintenance periods are shifted between these compact cyclotrons. In the PET diagnoses for carbon ion
therapy, radio-pharmaceuticals of [''C]methionine and ['®F] Fluoro-deoxy-glucose ( [“*F]FDG) are
commonly used. These RI’s of ''C and *F will be produced at the beam ports of c1 or ¢2, and also at the
directly attached targets in compact cyclotrons of HM18 and BC2010N. Other radio-pharmaceuticals of
['*F]3’-deoxy-3’-F-fluorothymidine(["*FJFLT) and
[62Cu]Copper—diacetyl-bis(N4-methylthiosemicarbazone) ( [®*Cu]Cu-ATSM) are used as a research of PET
diagnoses in the carbon ion therapy. We can obtain the ®*Cu as a decay product of **Zn, whose half-life is
9.26 hours. To produce 827n, copper metal target is irradiated with 30 MeV proton in the beam port of c4
(see Figure 3) in the Figurel. Annual frequencies of PET measurements with these radio-pharmaceuticals
in 2008 financial year are shown in Figure 4. Frequencies classified with each RI and its applied fields are

shown in Figure 5.
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Figure 4: Frequencies of each RI’s and its application fields
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Figure 5: Diagnosis frequencies of each radio-pharmaceutical for cancer patients and other medical studies

3. Secondary Beam Lines in HIMAC

There are two secondary beam lines of SB1 and SB2, as shown in Figure 1. In table 1-1, the basic
requirements for these courses are listed, where the acceptances of SB2 are required same values as in SB1
course. The first course (SB1) is mainly used for medical experiments where an irradiation system with
spot scanning and a positron camera system for range verification were equipped. Also, there is patient
positioning system around the final focus point, where a rotating table was installed. The second course
(SB2) is used for general physical experiments, which require free space around the target point. Distance
between the final focus point of SB2 and the wall of this experimental hall is limited to about 2m, which

may limit the possible experiment.
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Table 1-1. Specifications of the secondary beam courses.

Maximum magnetic rigidity 8.13 Tm

Momentum acceptance +2.5%

Angular acceptance (H/V) +13 mrad

Momentum dispersion at F1 v 2.0m
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Figure 1: Layout of the secondary beam courses of SB1 and SB2

4. Activity Measurements with PET

To see activity image of the irradiated ''C beam, a commercial PET-CT system was used to measure a 3D
image of the activities. The spot scanning irradiation was used, and the irradiated dose distribution was checked
in the water. Sa shown in Figure 7, good agreement could be obtained between calculated and measured dose
distribution. In Figure 8, measured PET-CT data are shown, and we can see clear ''C activity image in the

irradiated head phantom.
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Figure 8: Measured PET-CT image with irradiated ''C beam on the head phantom

5. Metabolic Effects in Rabbits

The injected activity of ''C will be affected by a metabolic effect in the patient’s body, and the measuring
accuracy of beam range will depends on the strength of the effect. For this reason, it is important to know this
effect for an actual measurement of the irradiated activities. To investigate this effect, rabbit experiments were
performed with a developed positron camera[5]. Selected organs were brain and thigh muscle, where the
positron emitter beam was injected. In the case of a brain, the measured time-activity curves of ROI (region of
interest) are shown (see Fig.7) for the case of the live and dead cases with red (lower) and blue (upper) colors,
respectively[6]. In this figure, one can see a strong metabolic effect in the volume where the ''C beam is injected.
The obtained activity data were fitted with three exponential decay components, and the results of fitted curves
are also shown in the figure. In these fittings, a fast component was determined in the experiments with '°C
injection. Though there are large and fast decay components, whose activities cannot be measured with an

off-line PET, there exist 1/3 fraction of the slow decay component that can be measured with it.
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Figure 9: Activity decay curve in live and dead rabbit

6. Biological Effects of Radioactive lon Beam

We have tested biological effects of the °C beam around Bragg peak, where °C will decay to 2o and proton. In
comparison with a therapeutic '*C beam that have similar depth dose distribution to the °C beam, the HSG cell
experiment has been conducted using the *C beam. The °C beam came out more efficient in cell killing at the
depths around its Bragg peak than its counterpart, i.e. the ?C beam, especially at the distal side of the Bragg
peak, corresponding to the stopping region of the incident °C ions and where delayed low-energy alpha particles
and protons were emitted isotropically. Compared to the '>C beam, the RBE values for the °C beam were always
higher, and an increase in RBE by a factor of up to 1.87 has been observed[7] at the depths distal to the Bragg
peak as seen in Fig.10. At the proximal side of the Bragg peak and the tail of the Bragg curves, the RBE values
of both the beams tended to merge into each other. Based on an elaborate biophysical analysis, the stopping °C
ions in cells are responsible for the enhanced cell lethality at the depths around the Bragg peak of the °C ion

beam.
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Figure 10: Comparison of biological effects between °C and '*C beams
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7. Feasibility Study to get RI Beam in EBIS Ion Source

Another method to obtain the RI beam is to use target fragment nuclear reaction instead of projectile fragment

reaction as in the above secondary beam course. This method is to use technology of short life

radio-pharmaceuticals in conjunction with an ion source that must have high ionization efficiency. One candidate

of the ion source is Electron Beam lon Source (EBIS), which can produce high charge ions efficiently with

pulsed operation. Feasibility study has been done with an EBIS at JINR (Joint Institute for Nuclear Research) in

Russia (see Figure 11). In this test, ionization efficiency of about 10% with fully stripped ion was obtained in

an optimized condition for efficiency. To realize this method in the actual condition, further R&D will be

required.

Figure 11: EBIS ion source in JINR (Russia) that was used in the test
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Abstract

Basic research related to heavy ion cancer therapy has been conducted at the Institute of Modern Physics (IMP),
Chinese Academy of Sciences since 1995. A project of patient treatment with carbon ions has been started at
IMP. Heavy ion therapy becomes reality in manner of two steps, that is the treatment for superficially-placed
tumors at the Heavy Ion Research Facility in Lanzhou (HIRFL) first and then for deep-seated tumors at the
Cooling Storage Ring (HIRFL-CSR). Two therapy terminals equipped with passive beam delivery systems had
been built at HIRFL and HIRFL-CSR. Up to now, 103 superficially-placed and 6 deep-seated tumor patients
have been irradiated with intermediate and high energy carbon-ion beams in the two therapy terminals,
respectively. In this paper, the therapeutic techniques in terms of beam delivery, conformal irradiation and
treatment planning used at IMP are introduced.

Introduction

Due to the favorite characteristics of heavy ion beam such as inverted depth-dose distribution as well as high
relative biological effectiveness (RBE), heavy-ion cancer therapy is attracting growing interest all over the world
[1]. Based on the accelerators available, the Institute of Modern Physics (IMP), Chinese Academy of Sciences
(CAS) plans to realize heavy-ion cancer therapy in a manner of two steps, that is the treatment for
superficially-placed tumors with intermediate energy (<100MeV/u) carbon-ion beam at the existing Heavy lon
Research Facility in Lanzhou (HIRFL) at first and then for deep-seated tumors with high-energy carbon ions at
the newly-built Cooling Storage Ring (CSR) synchrotron, where the HIRFL is the injector for the CSR. In fact,
basic research related to heavy-ion cancer therapy has been carried out at IMP since 1995. Fruitful achievements
have been obtained in the aspects of radiation physics, radiobiology and therapeutic technique [2]. For the first
step, a therapy terminal had been constructed underground the experimental hall of the HIRFL cyclotron complex,
where a vertical beam line is equipped [3]. Superficially-placed tumor treatment with intermediate-energy carbon
ions has been conducted in the earlier therapy terminal at HIRFL since November 2006. Up to now, 103 patients
with shallow-seated tumors have been irradiated successfully and lots of therapeutic and clinical experiences have
been acquired at IMP. To extend the heavy-ion therapy project to deep-seated tumor treatment at IMP, another
therapy terminal dedicated to deep-seated tumor treatment with high-energy heavy ions has been built at
HIRFL-CSR. Therapeutic high-energy carbon ion beams extracted from the HIRFL-CSR have been supplied in
the deep-seated tumor therapy terminal and the beam delivery and shaping devices installed there have been
validated through therapeutic beam tests. From March to April 2009, first 6 deep-seated tumor patients had been
treated with high-energy carbon ions at HIRFL-CSR. In this paper, the beam delivery system, conformal
irradiation method and treatment planning at IMP are described and a summary is presented in the end.

Beam delivery system
Shown in Fig.l (a) and (b) are the vertical and horizontal beam lines in the therapy terminals for
superficially-placed and deep-seated tumor treatments with intermediate- and high-energy carbon ions at HIRFL and
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HIRFL-CSR, respectively. Passive beam delivery and shaping techniques are preferred at IMP due to their simplicity
and good applicability to moving targets. The passive beam delivery system developed in the therapy terminal at
HIRFL consists of a pair of orthogonal dipole magnets (fast and slow scanning magnets), a range shifter (different
degraders with stepping thickness), a range modulator (ridge filter), and a manual multi-leaf collimator. Because
constant beam intensities can be supplied by the HIRFL cyclotron, the scanning magnets driven by zigzag periodic
currents with high (50~150Hz) and low (15~50Hz) frequencies deflect pencil beams fast and continuously in a
zigzag-scanning manner for lateral beam spreading. Due to the limited space of the basement where the therapy
terminal situated, only Scmx5cm square uniform fields at the isocenter can be generated by the beam scanning system
when the fast magnet is driven by a current with the maximum amplitude of 160A. The beam delivery system
developed in the therapy terminal at HIRFL-CSR includes a pair of orthogonal scanning magnets, a range shifter
(binary filter), a ridge filter, and a commercial dynamic multi-leaf collimator. It should be stated that the magnetic
scanning system in the deep-seated tumor treatment terminal can be operated in two patterns such as continuous
zigzag [3] and hybrid raster [4] scanning. Therefore, passive beam shaping using multi-leaf collimator and range
shifter and active beam delivery with raster scanning and energy variation by the CSR synchrotron itself can be
realized in the latest therapy terminal. In addition, mini ridge filters like the ripple filter used at GSI [5] were installed
downstream the range shifter in order to spread out the Bragg peak of a mono-energetic beam slightly in a manner of

Gaussian profile.
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Fig.1 The vertical (a) and horizontal (b) beam lines in the therapy terminals for superficially-placed and deep-seated
tumor treatments with carbon ions at HIRFL and HIRFL-CSR, respectively.

Conformal irradiation method

Up to now 2D and 3D conformal irradiations dedicated to particle therapy have been explored on the basis of
passive beam delivery system [6, 7, 8, 9], and even have been applied to clinical trials [7, 10]. Because the passive
beam delivery system mentioned above has been developed at IMP, 2D and 3D conformal irradiations to target
volumes can be readily performed under the condition of broad and uniform irradiation field generated by the beam
scanning system.

A strategy of 2D conformal irradiation in conjunction with layer stacking is adopted at IMP. A mini ridge filter is
employed to extend a pristine sharp Bragg peak slightly so as to form a Gaussian shaped mini spread-out Bragg peak
(mini-SOBP) like those used in the active scanning system at GSI [5] and the 3D layer-stacking conformal method at
NIRS [8, 11, 12]. So the range shifter made of PPMA plates shifts the mini-SOBP peak forwards layer by layer to
yield a desired dose distribution in depth together with weighting parameters coming from the dose optimization.
Laterally, the multi-leaf collimator is used to tailor the irradiation field according to the maximum contour of a target
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volume projected on a plane perpendicular to the beam direction. In this way, variably uniform biological effective

dose or uniform physical dose can be delivered to the target volume using the present irradiation system.

Fig.2 Schematic diagram of the 2D layer-stacking conformal irradiation method applied at IMP.

Treatment planning

A preliminary treatment planning system (TPS), which is anticipated to serve the heavy ion therapy project at
IMP, has been developed. 3D reconstruction of CT slice images and dose calculation based on CT images with the
code of HIBRAC [13] can be done with the preliminary TPS. The mini-SOBPs of different therapeutic beams are
stacked according to the thickness of a tumor along the direction of beam penetration. At present, constant RBE
values (2.5 or 3, depending on tumor types) across a SOBP are assumed for patient treatment at IMP. Uniform
physical doses across the SOBP, therefore, are created using the mini-SOBP peak stacking method. Nevertheless,
more developments of the TPS, for example, dose calculation based on more accurate beam and RBE models, are
needed. Fig.3 illustrates the result of a dose verification measurement for an emulation phantom exposed to
high-energy therapeutic carbon ions. The measured dose at the point of interest was in good agreement with the one
planned by the TPS.

Fig.3 The result of a treatment planning verification for an emulation phantom.

Summary
Passive beam delivery system and 2D layer-stacking conformal irradiation have been developed at IMP, and
the beam delivery system in the therapy terminal at HIRFL-CSR remains the possibility of upgrade to an active
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one in the near future. These therapeutic techniques have been tested experimentally in the therapy terminals at
HIRFL and HIRFL-CSR and have been applied to the patient treatment with intermediate- and high-energy
carbon ions at IMP successfully. We believe the experience acquired up to now in the project of heavy ion

therapy in terms of therapeutic technique is very useful for us to improve our clinical trial at IMP.
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Heavy ion beams have been used for medical purposes since early 1950s[1]. Because of the Bragg
peak in dose distributions of the ions, the healthy tissues received much lower doses than the region
defined by spread-out Bragg peaks (SOBPs). Particle therapy (PT) facilities in operation include
HIMAC (Japan) and GSI (Germany) [2]. Other facilities are in construction in Italy (TERA) [3],
Germany (Heidelberg) [4], Japan (several facilities), and so on . Referring to the clinical cases of PT [5],
it is evident that good localized tumor control and high patient survival rates have been achieved by
heavy ion treatment without side effect or with tolerably acute toxicity. Accordingly, carbon ion
therapy has been recognized as a promising modality against tumors in the community of radiation
therapy.

A facility for treatment of localized skin-seated tumors has been installed at Institute of Modern
Physics (IMP) in Lanzhou [6]. 103 patients have been treated with 100 MeV/u *C beam in the PT
terminal since November 2006. At the beginning of 2008, a new terminal for deep-tumor therapy has
being installed. The greatest difference between shallow-tumor therapy and deep-tumor therapy is the
beam scan mode which requests the different beam monitor system to achieve the precise radiotherapy.
With the high energy “C beam in active pencil beam scanning mode in deep-tumor therapy, the beam
intensity is about two orders of magnitude higher than that of passive shaping mode used in
shallow-tumor therapy and the energy increased from 100 MeV/u to 430 MeV/u . On other words, we
have to develop a new beam monitor system to check the '>C energy and irradiation dose during the
treatment. ’

The new beam monitor system consists of an ionization chamber(IC) as an online beam intensity
monitor, and an IC-stack as Bragg-Peak detector used before irradiation treatment. The online IC
contains of two windows and three poles. The anode inside the two cathodes is made by 1.5um
gold-filled Mylar foils with 200x200 mm?” active area. The working gas is N, (99.9%) under one
atmosphere. The IC-stack consists of thirty ICs with Smm polymethyl methacrylate (PMMA) plates
inserted as the tissue-equivalent materials. For each IC of the IC-stack, there is an active area of 100x
100 mm? and a thickness of 10mm with three poles structure as the online beam density monitor IC.

The NI-PXI-6133 (PC based DAQ system) is chosen as the read-out electronics for the detectors to
delivering simultaneous sampling with an adjustable 20MHz clock. The signal of the detector is output
in the integral mode and varies from several nC/s to tens of uC/s. With the E/F (electric charge to
frequency) shift board, the output of online monitor IC became TTL signal. While going through
66MQ resistances the output signal of IC-stack converts from electric charge to voltage (0~10V). The
LabVIEW program is used to analyze and display the acquired data from the detector, as well as giving
the trigger signal to the control catenation devices according to the beam condition and the therapy
plan [7].

For the online monitor IC, the recombination of the ions and electrons produced by the ionizing
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radiation will increase with the increasing of the beam intensity. This will reduce the collected charge
in the detector and hence affect directly the dose measurement. To ensure the measurement results
reliable, we have to test whether the output of the detector is linear to the beam intensity in the range
from 0~10° particles/pulse. The scintillator counter and SEM (scanning electron microscope) are used
as the cross-check detector to test the linearity of the online monitor IC (Fig.1). When the beam
intensity is less than 1.0x10* particles/pulse, the output of online IC is proportional to that of the
scintillator as shows in Fig.1 (a), the last measurement point with red color is out of the fit line, which
indicates that the counts from the scintillator detector is somewhat saturated in the high beam intensity.
Fig.1 (b) shows the online IC counts increase with the increasing of the beam intensity, the SEM,
which works in vacumm without the effects of recombination, can measure the real beam intensity
even it reaches to 1.0x10® particles/pulse. The linear fit of IC output in the all range of beam intensity

shows that it can work well in the condition of active pencil beam scanning mode.
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Fig.1 The Linearity of online integral IC

Fig.2 shows the measurements of IC-stack for different beam energies. The comparison between
HIMAC Beam calculations [8] (solid line) and the measurements reveals the well agreement.
Nevertheless, the granularity of each IC decides by the depth of PMMA is not best suited to resolve the
peaks for all energies. In the next measurement, we will improve the precision of measurement by
adding thinner PMMA in the front of the detector as a subset of the layers.
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Fig.2 The Bragg peak curves measured by IC-stack
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Abstract

Since 2006 about 100 patients have been successfully treated with carbon ion in the IMP experimental tumor
treatment program. The developments and experiences of this program encourage a proposal for a hospital
based tumor therapy system. Design of accelerator aspects of the system is based on the experiences at IMP.
However, the hospital based facility requires compactness, ‘turn-key’ operation and large throughput of treating
2000 patients/year. Besides, proton beam is also demanded to meet the specific medical requirements. The
designed accelerator system consists of a cyclotron injector and a compact synchrotron. The intensity for
protons and carbon ions is sufficient for the needs of scanning beam applications. The beams can be slowly
extracted over a period of up to 5 s and delivered to treatment ports. The details of the particular system of this
kind with four treatment ports will be presented.

Introduction

Tumor therapy with light ions and protons has made great progress in the last decade. Several facilities have
already been built or are under construction world-wide. The proposed accelerator system is designed in
accordance with the lines of modern light-ion therapy accelerators on the whole. However, modification is
made for the injector, considering the experiences of tumor treatment employing the IMP accelerator facilities
in the past years. Fig. 1 shows the overall layout of the designed accelerator system. Its main parameters are
given in Table 1.
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Fig. 1 The overall layout of the accelerator system.
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Table 1: Basic specifications of the cancer therapy facility

Particles 2c* p

Max. bema energy 250 - 400 MeV/u

Spill duration 1~5s

Beam range in water 27-30cm

Range adjustment 2 mm

Max. dose rate 2 Gray/min

Field size 20x20 ¢cm®

Field size accuracy +0.5 mm

Field uniformity 95%

Dose accuracy +2%

Beam size at iso-center 4 - 10 mm (FWHM)

Source to surface distance >6m

Beam intensity 4x108 - 10° pps

Beam dump time <300 ps

Treatment mode Active scanning (>1 cm/ms)

Ports 1 hor., 1 vert., 1 hor. + vert.
and 1 45° port in vert. plane

Cyclotron injector

The unique feature of the medical accelerator complex is its injector of cyclotron in contrast to the wide used
injector type of linac. Charge exchange injection (CEI) is employed in the main accelerator of synchrotron
benefiting from the continuous beam of the cyclotron injector, since the stripping process is inevitable for the
sake of efficient acceleration. The CEI method, regardless of the Liouville's theorem, has the merit of beam
accumulation capacity superior to the conventional multiturn injection method. The combination of CEI and
cyclotron injector is well proved in IMP and also in other laboratories. To further minimize the size and
consequently the cost of injector, the carbon ion with a charge state of 5+ will be accelerated up to 7 MeV/u.
Acceleration of ionized hydrogen to the same energy is foreseen.

The cyclotron features a deep valley design with a hill-gap of 50 mm and a valley gap of 360 mm, providing
sufficient axial focusing. It has four straight-edged sectors of 56 degrees. The RF frequency is 31.02 MHz. The
beam extraction radius is 75 mm so that the outer radius of magnet yoke is no more than 3 m. Hydrogen ions
will be accelerated with the aids of four groups of trim coils. The low energy beam line for axial injection into
cyclotron is equipped with a chopper system producing macro-pulse beam for the injection process of the
synchrotron. The whole length of the beam line is so short that it could be put on the top of the cyclotron
together with ion sources. Two all-permanent ECR sources will be prepared for hydrogen and carbon ion
production with the extraction voltage of 16.6 kV and 20 kV, respectively.

The medium energy beam transport (MEBT) system accepts the extracted ion beam from the cyclotron and
transfers to the synchrotron. The MEBT is relatively short owing to the absence of stripping section.
Appropriate manipulation of the phase ellipse at the injection point, i.e., the stripping foil in the synchrotron, is
helpful for CEI efficiency. In addition, an RF debuncher inserted in the middle of the MEBT reduces the
momentum spread so as to maximize the injection efficiency.
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Synchrotron

For the synchrotron with a circumference of about 72.3 meters, 16 bending magnets with a maximum flux
density of 1.6 T are provided. These bending magnets excited in pairs by 8 power supplies also take the role of
closed obit corrector in the horizontal plane. Six additional correctors will be used all for the correction in the
vertical plane. The lattice consists of two super-periods, whose closed dispersion bump essentially stems from
three bend achromatic structure. 18 quadrupoles are grouped ‘into four families. Two 6-meters-long
dispersion-free drift spaces are available for the installation of injection and extraction magnet elements, while
four dispersive drift spaces of 2.2 m long accommodate RF-cavity, electrostatic deflector for extraction and
other devices. The ion optical setting keeps constant throughout the entire cycle.

As mentioned earlier, the injection process utilizes the CEI method. At the very beginning, four bump
magnets move the closed orbit 45 mm outwards to the stripping foil in order to accept the injecting ions losing
one more electron. When the bump orbit collapses, fully striped ions gradually move inwards making room for
newcomers. The phase space is painted while the phase density is increasing. After 100 turn injection or so, the
carbon ion acceleration to the nominal energy of 400 MeV/u takes place within 1 second.

For the beam extraction the third order resonance extraction is chosen with variable extraction time up to 5 s.
The hardt condition [1] is elaborately fulfilled for high extraction performance by 5 sextuples grouped into three
families. The transverse RF knock-out method is employed to continuously drive the ions out. Quick response
to beam on/off request is extremely favorable. Thus, multiple beam extraction is also possible in the same cycle.

Treatment ports

To meet the requirement for a throughput of 2000 patients/year four treatment ports are provided. The first
port is served by a horizontal beam line, may be used mainly for treatment of ocular tumor. For the second port,
the beam could be delivered from a horizontal beam line or a vertical beam line alternatively. For the third and
fourth ports the beam is delivered vertically and semi-vertically (45 degree), respectively. All beam lines are
equipped with identical two dimensional scanning magnets and beam diagnostic devices. With such an
arrangement, it is hopeful to perform the function of amazing rotating gantry to some extent while keep the size
of irradiation field unchanged.

Conclusions
We have proposed an accelerator system for tumor therapy, where the combination of CEI and cyclotron
injector is employed.
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Abstract

The injection and slow extraction schemes chosen for carbon ion therapy machine in IMP are described in this
paper, they were chosen with high performance to price ratio for a complex machine of cyclotron and
synchrotron for carbon ion therapy. The charge stripping injection(CI) scheme is chosen for carbon ions as it can
easily reach high beam intensity by one shot and the injection setting-up is simple and easy for commissioning.
For slow extraction, the horizontal 1/3 integer resonant RF knock-out scheme is used, which is suitable for small
synchrotron where the chromaticity is also small. It makes the control system of slow extraction easier too.

Preface

The cancer therapy study setting at IMP is based on the Heavy Ion Research Facility at Lanzhou(HIRFL) in
China, which is a complicated research facility for fundamental science. The HIRFL consists of two cyclotrons
(SFC, SSC) as injectors and two rings as synchrotron (CSRm) and storage ring (CSRe). For carbon therapy
study, the machine setting is ECR+SFC+CSRm. The cyclotron SFC is chosen as injector by historical reason.
Despite the intensity is 1ppA much weak than that from LINAC, properly designed injection scheme makes it
possible to match the required particle number per spill.

An ideal therapy machine can discharge accurate dose at precise position of the tumor. It’s not easy to be
realized along beam direction, although for heavy ions the Bragg’s peak reduces the energy deposition at healthy
tissue. But for cross section, there are methods to realize good approach.

The time structure of slow extracted beam at therapy site is very important for people to reach required dose
distribution uniformity. The scheme for slow extraction is the major but not the only aspect to get good time
structure. The beam distribution in phase space after injection also plays an important role, as it’s the main
reason for irregular dose fluctuation.

For uniform scanning, to reach required ~90% uniformity, better time structure of beam and higher scanning
frequency are required than that for raster scanning. We are expecting good performance from raster scanning
scheme not only to reach better uniformity but also more precise dose distribution according to dosage for
different tissues.

Charge Stripping Injection

The charge stripping injection (CI) scheme is designed for the synchrotron CSRm after the project started, It’s
based on the multi-turn injection (MI) scheme so as to use the same injection beam line. It’s suitable for light
heavy ions, where the cooling time of e-cooler is much longer than heavier ions, to reach high intensity in shorter
time.

The layout of CI for CSRm is shown in Figure 1. It’s a novel idea to put carbon stripper inside one of the main
dipoles, which keeps the symmetry of racetrack layout of the ring and saves budget. The stripper system (see
Figure 2) consists of motor driven probe and foil chamber. The carbon foil are chosen for CI, about 20 foils can
be stored in the foil chamber and easily changed on need.
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Figure 2. Stripper system for CI

The beam orbits calculation for CI of C, N and O are shown in Figure 3. For carbon beam with momentum
spread of +0.5%, the CI orbits are shown in Figure 4.
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Figure 3. The orbits of charge stripping injection for C, N and O
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Figure 4. The orbits of charge stripping injection for carbon with momentum spread of £0.5%

The simulation of CI is done to fit the parameters of injection beam for high intensity. The self developed
program code is written in Visual Basic language. The program starts from parameters of injection beam,
stripper setting, ring matching and bump orbit distortion (see Figure 5).
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Figure 5. Parameters inputting interface for CI simulation

The simulation shows a gain of about 60 relative to single turn injection from parameters in Figure 5. The
beam intensity during simulation and efficiency of each injected turn are show in Figure 6. The particle
distribution in horizontal phase space is shown in Figure 7, it can be used to simulate the time structure of slow
extracted beam. The CI result shows a central momentum shift of 0.2% relative to the injection beam (see Figure
8).

The DCCT measurement of beam intensity of single CI and acceleration is shown in Figure 9.
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Figure 9. DCCT measurement of beam intensity of single CI and acceleration

Slow Extraction

The layout of slow extraction of CSRm is shown in Figure 10, the layout of injection are shown too. It’s
designed based on fast extraction tunnel of CSRm. The RF knock-out method!'] is chosen for CSRm (Figure 11)
as the chromaticity can be corrected to zero with sextuples, it’s convenient for construction and commissioning.
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Figure 10. The layout of slow extraction of CSRm

— 191 —



Apip

Figure 11. Comparison of the main extraction methods: (a) moving the resonance,
(b) moving the beam, (c) increasing the particle amplitude. From Ref. [1]

® (alculation and Simulation
At first the transversal chromaticity is corrected to zero using the 8 sextuples in two groups, then the stable
separatrix in horizontal phase space is form by 4 sextuples separately. The final turns of particles before slow

extraction in CSRm are shown in Figure 12.
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Figure 12. The final turns of particles before slow extraction in CSRm
The stable region separatrix formed are shown in
Figure 13 (left), the area of stable region is 137 mm mrad. The extracted beam at ES1 entrance in

Figure 13 (right) shows a width of 1cm and emittance of ~1n mm mrad. The thickness of ES1 septum is 0.1mm
to get high extraction efficiency. The thickness of ES2 septum is not strict, 0.5mm is enough.

The simulation of time structure is needed for future study.
® Commissioning strategy for slow extraction

From 2nd ramping section, the sextuples starts to ramping from 0, the horizontal tune ramps from 3.63 to
3.664, but the vertical tune value keeps at 2.61. The beam will be kept inside the stable separatrix region before
RF knockout device is switched on.
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At the extraction flat-top, the RF knockout device is triggered to increase the oscillation amplitude of particles
and beam is extracted. It’s easy and fast to stop extraction when required by switching off the RF knockout

device.
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Figure 13. The stable region separatrix (left) and the extracted beam at ES1 (right)

® Extracted beam

We got the first slow extracted beam in Jan. 2008, it’s detected by scintillator outside the flange of beamline,
see Figure 14. It’s over modulated by 50Hz ripple of power supply, the filling factor is about 20%.

In Nov. 2008, we got the first beam at cancer therapy terminal, see Figure 15. The time structure is better, but
still modulated by power supply ripper of 100Hz. The filling factor reaches 60%, see Figure 16.

i ] ==
600 j A
gm_ = | = J L;. !
| J ‘n‘HL
0 500 i 1x10° 1.5x10°

Figure 14. The first slow extracted beam
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Conclusions

To improve the scanning uniformity at cancer therapy site, further improvement of power supply of CSRm
and beam transfer line, and additional feedback system of beam structure will be developed. The further

simulation of beam slow extraction based on injection beam distribution is important.
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