
The Research Center for Charged Particle Therapy (hereafter,

abbreviated as “Center”) was established in 1993 when NIRS

completed construction of the HIMAC. Since then its researchers

have been carrying out clinical, biological and physics studies us-

ing heavy ions generated from the HIMAC. After accumulating

many clinical experiences for carbon ion radiotherapy in various

types of malignant tumors, the Center successfully obtained ap-

proval from the Ministry of Health, Welfare and Labor for “Highly

Advanced Medical Technology” in 2003. Thus carbon ion therapy

has achieved for itself a solid place in general practice of cancer

treatment. The HIMAC has also served as a multi-user utilization

facility for medical, biological and physics research and has been

used by more than 700 researchers, including more than 100 for-

eign researchers.

In 2011, when the third Mid-Term Plan of NIRS was initiated, the

Center was reorganized to conduct research on heavy ion beams

using carbon ions and to develop more patient-friendly next gen-

eration heavy ion treatment system intensively. This will eventually

contribute to progress in getting cancer cures and improved qual-

ity of life. The Center is organized as four research programs. In

the Department of Physics; and the Hospital. Progress in research

and practice in FY 2011 and FY 2012 are summarized briefly.

Research program for carbon ion therapy and diagnos-
tic imaging (PL: Hiroshi Tsuji)

This program consists of the clinical trial research team, applied

PET research team, applied MRI research team, and clinical data-

base research team. According to the long-term objectives, re-

search on developing advanced clinical therapy using carbon ion

beam has been aggressively performed in FY 2011 and FY 2012.

The clinical trial team has succeeded in having quite a large num-

ber of patients undergo carbon ion radiotherapy (C-ion RT) each

year and a new clinical trial using the carbon ion scanning beam

could be conducted. A total of more than 650 patients were

treated with C-ion RT in FY 2011 despite the confusion after the

Great East Japan Earthquake. Prostate, lung, head & neck, bone

& soft tissue, liver tumors, post operative pelvic recurrence of rec-

tal cancer, and pancreatic cancer are the leading 7 tumor types in

the trials. The outcomes of C-ion RT in tumors that were hard to

cure with other modalities revealed quite high probability of local

control, a survival benefit, and acceptable morbidity. In addition,

clinical trials for establishment of hypofractionatd C-ion RT in com-

mon cancers, such as lung cancer, liver cancer, and prostate can-

cer have also been successfully achieved. The ultra-short course

C-ion RT trial for lung cancer (single fraction) was completed in

March 2012 and was moved to clinical practice from April 2012. In

FY 2012, the clinical trial team has set a record in the number of

patients receiving carbon therapy with the aid of a newly installed

scanning beam delivery system.

Medical physics research program for development of
a novel irradiation system for charged particle therapy
(PL: Toshiyuki Shirai)

The program consists of the beam delivery system research

team, treatment planning system research team, radiation effect

research team, experimental therapy research team, and image

guided radiotherapy research team. On the basis of more than 15

years of experience with HIMAC, we have designed and con-

structed a new treatment research facility toward “adaptive can-

cer therapy” with heavy ions, which makes the one-day treatment

of cancer easily. Further, the new treatment research facility

should accurately treat a fixed target, a moving target with breath-

ing and/or a target near a critical organ. For these purposes, a

phase-controlled rescanning (PCR) method has been studied, es-

pecially for treating a moving target. A rotating gantry with the

PCR method is also employed in order to increase the treatment

accuracy for a tumor near a critical organ through the multi-field

optimization method、and to reduce the patient’s load. The re-

lated R&D work has been carried out with HIMAC since April

2006. In September 2010, the treatment room E, which is one of

the treatment rooms in the new treatment research facility, was
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equipped with both the horizontal and vertical fixed beam-

delivery systems. After a beam commissioning and pre-clinical

study, the clinical study had been scheduled to start on 29 March

2011. The schedule was changed to May 2011, however, due to

the massive earthquake in eastern Japan on 11 March 2011.

Advanced radiation biology research program
(PL : Takashi Imai)

This program consists of the cancer system biology team, can-

cer metastasis research team, and radio-redox-response re-

search team. These teams use different approaches to address

the following research aims of the program.

Many favorable outcomes have been reported in clinical trials

for carbon ion radiotherapy of several types of malignant tumors.

However, some biological issues still remain to be resolved for the

improvement of long-term survival. We have focused on the fol-

lowing fundamental issues:

(1) Some tumor cells are pathologically indistinguishable from

others, despite sometimes showing radio-resistance. What

makes these tumor cells radio-resistant?

(2) What causes distant metastases after local treatment? Are

the metastatic cells simply overlooked before starting radio-

therapy? If the metastatic cells are affected by irradiation,

what are the molecular mechanisms? What types of tumor

cells are susceptible to metastasis? How can we detect and

suppress distant metastases?

(3) How do reactive oxygen species generated by irradiation af-

fect cellular functions? Can radioprotective agents, such as

anti-reactive oxygen species, protect normal tissue surround-

ing tumor cells?

Through these studies, we have considered the effects of the

genetic differences in the subjects or the experimental materials

such as cell lines and mouse strains used on radio-sensitivity.

Research Program for the application of heavy ions in
medical sciences (PL: Takeshi Murakami)

This program consists of the heavy ion radiotherapy promotion

team, HIMAC research collaboration team, cellular and molecular

biology research team, and international radiotherapy joint re-

search team. This program mainly carried out the following activi-

ties in FY2011and FY2012.

(1) Promotion of carbon ion radiotherapy

A wide range of knowledge and know-how is required for pro-

motion of carbon ion radiotherapy. Research and analyses of

technical development, treatment procedures, and social environ-

ment concerning carbon ion radiotherapy were carried out. These

results were assembled as review reports. Procedures transfer-

ring these results and know-how to new projects were also estab-

lished. Contributions to new projects such as in Saga and Kana-

gawa were made.

(2) Promotion of collaborative research, international as well as

domestic

The research project with heavy ions at NIRS-HIMAC is the cen-

terpiece of collaborative research using heavy ions. This program

is deeply involved in the operation of the whole project. Since

1994 HIMAC at NIRS has been opened to researchers from all

over the world in the field of ion beam sciences other than carbon

beam radiotherapy. There are four experimental halls (Physics, Bi-

ology, Secondary beam and Medium-energy caves) as well as

three treatment rooms at HIMAC. During the daytime from Tues-

day through Friday, HIMAC is operated for patient treatments. At

nights and on weekends the four halls can be used for various ex-

periments with ion beams. The latter framework is specified as

“The Research Project with Heavy Ions at NIRS-HIMAC”. A total of

123 proposals were accepted and carried out in FY2011 at HI-

MAC. The beam time of 5067 hours was supplied to those re-

search studies. A total of 109 papers and 59 proceedings were

published, and 331 papers were presented at various meetings.

A total of 719 researchers participated in the project, including

122 foreign researchers in 15 international projects. The Interna-

tional Open Laboratory is the other framework for collaborative re-

search. Two units of the IOL from the total four units are organized

in this program.

Hospital, Research Center for Charged Particle Ther-
apy (Director: Yutaka Ando)

The Research Center Hospital for Charged Particle Therapy of

NIRS is unique in its specialization in radiotherapy for cancer. The

hospital is designed for radiotherapy especially carbon ion ther-

apy and consists of the oncology department, diagnostic radiol-

ogy department and dental department. The hospital has 100

beds for inpatients and also handles 50-70 outpatients daily. The

diagnostic radiology department has one CT-scanner with a 64-

line detector, a 1.5 T MRI, a 3.0 T MRI, two PET/CTs, and one

gamma camera. On the other hand, the oncology department has

five fixed beam treatment rooms for carbon ion therapy (one verti-

cal beam room, one horizontal beam room and three rooms with

both beams) and one linear accelerator for x-ray therapy.

The hospital carries out radiotherapy using highly advanced

medical technology and carries out clinical studies mainly using

radiotherapy and diagnosis, and has a role as a tertiary hospital

for radiation emergency medicine. The highly advanced medical

technology started from 2003; the number of uses of this technol-

ogy had reached 4,132 and the number of clinical studies had

reached 3,139 in February 2013. From 1994 to January 2013

7,271 new patients have been treated with carbon ion therapy. In

2012 752 patients were treated with carbon ion therapy. The gen-

der distribution of the patients treated by particle therapy was 513

males and 239 females; the ratio of male to female patients was

2.15 to 1. Patients living close to our facility reached 47.5% of total

patients. In March 2012, we implemented the Electronic Medical

Record (EMR) and developed a simple input method for each pa-

tient’s findings, symptoms, tumor response, and toxic reactions

that should be estimated by the physician during the clinical inter-

view. We improved the coordination among several database sys-

tems (Hospital Information System, Therapy Plan Database, Treat-

ment Management System, two PACSs and Radiology Information

System for Radiation Therapy). These systems are connected to

each other and data are transmitted to the destination systems.

Department of physics (Director: Koji Noda)
At present, the department of physics is one of the most active

departments worldwide that are studying ion beam therapy as re-

lated to applied physics. For many years, reliable operation of HI-

MAC, a gigantic accelerator system, and the continuous develop-

ment of novel techniques have been keeping us as a “center of

excellence” in this field.
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Introduction
In the HIMAC facility, the beam energies that have been used

are 290 and 350 MeV/n in the vertical port and 290 and 400

MeV/n in the horizontal ports. Previously, a slight range shortage

occasionally occurred in irradiations to deep-seated tumors in

such parts as the pelvis, for which irregular patient positions were

needed. A 3 cm longer range would have been able to reach

most of those targets. To use a higher-energy beam, there were

two problems. One was that the existing ridge filters could not

shape a uniform dose distribution in the SOBP for the 430 MeV/n

beam. The other was that the existing treatment planning system

HIPLAN did not support addition of beam energy. We imple-

mented new ridge filters and a new treatment planning system to

solve these problems.

Methods
1) Improvement of Ridge-Filters

We added two therapeutic beam energies, 400 MeV/n for verti-

cal ports and 430 MeV/n for horizontal ports. Then the maximum

range was extended by 5 cm for the vertical and 3 cm for the hori-

zontal ports. These higher-energy beams would be expected to

have a sufficient range in most cases. But the old ridge filters

were designed to optimize the SOBP distribution for the 290

MeV/n beam and they cannot shape a uniform dose distribution in

the SOBP for the 430 MeV/n beam. In order to get an adequate

distribution for all energies from 290 to 430 MeV/n, we redesigned

all ridge-filters to optimize the SOBP distribution for an intermedi-

ate energy, 350 MeV/n. Table 1 compares design specifications of

the new and old ridge filters. The new ridge-filters were designed

with the MKM2010 RBE model, which is identical to the model

used for scanning irradiation treatment planning in the new treat-

ment research facility at NIRS.

2) New Treatment Planning System XiO-N

The existing treatment planning system HIPLAN was developed

when heavy particle radiotherapy was started at HIMAC. The

dose-distribution calculation algorithm of HIPLAN adopted the

parallel broad beam method. This method did not require power-

ful calculation capability, but it could not reproduce blurring and

non-uniformity of distributions in the irradiation fields. Further,

available beam energies for HIPLAN had been fixed from the de-

sign stage and therefore it would be difficult to add new beam en-

ergies. A high-precision treatment planning system XiO-N was de-

veloped jointly by NIRS, Mitsubishi Electric Corporation, and

Elekta. Table 2 compares specifications of the existing and new

treatment planning systems. The dose-distribution calculation al-

gorithm of XiO-N adopts the divergent pencil beam method. By

considering beam divergence and scattering effect, this system

Department of Accelerator and Medical Physics

Commissioning of the new ridge-filters and
treatment planning system XiO-N

Yusuke Koba
E-mail: y-koba@nirs.go.jp

Table 1 Comparison of ridge-filter designs

Old design New design

Material
SOBP 25-120: Aluminum
SOBP 150: Brass

all SOBP: Aluminum

Exchange of a ridge difficult easy

physics calculation HIBRAG Geant4

RBE model Kanai 1999; Ref [1] MKM2010; Ref [2]

Optimum energy 290 MeV/n 350 MeV/n

Applicable energies 290-400 MeV/n 290-430 MeV/n

Table 2 Comparison of treatment planning systems

HIPLAN (Existing) XiO-N (New)

Developers NIRS & Asahi Kasei NIRS, Mitsubishi & Elekta

Distribution not for sale Mitsubishi

Irradiation-field
model

uniform approximation wobbling

Algorithm parallel broad beam divergent pencil beam

Dose kernel ideal calculation actual measurement
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calculates more precise distributions in the irradiation fields.

We measured depth dose distributions for all irradiation condi-

tions and registered dose kernels of the pencil beam based on

measurements into XiO-N. And we carried out interconnection

tests with other treatment planning systems and peripheral equip-

ment for irradiation.

Results and Discussion
We replaced the old ridge-filters with the improved design ridge

-filters for the additional beam energy for broad beam irradiation

and implemented the high-precision treatment planning system

XiO-N. In the first half of FY 2012 there were 25 treatment cases

using the new energy beam and XiO-N. For each treatment case

we carried out confirmation of the system operation and verifica-

tion of dose distribution. Using the QA planning mode of XiO-N,

which is shown in Fig.1, the physical dose distribution in the water

phantom which was irradiated at the treatment conditions for each

patient was calculated. Quality of each treatment plan was as-

sured by comparison of the calculated physical dose distribution

with the measured distribution. Fig.2 shows example physical

dose distributions of the QA measurements. Reasonable meas-

ured distributions were obtained and reliable assurance was con-

firmed.

In FY 2012, XiO-N was released for use in exceptional cases.

Currently, the fraction of treatment plans made with XiO-N is about

20%. We are carrying out commissioning of the layer-stacking

method and a motion-management technique against respiration

for XiO-N. In FY 2013, XiO-N will be released for all cases and we

will gradually be replacing all HIPLAN systems by XiO-N over sev-

eral years.

Fig.1 QA planning mode of XiO-N

Fig.2 Physical dose distributions of QA measurements.
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Heavy ion cancer therapy using the Heavy-Ion Medical Accel-

erator in Chiba (HIMAC) has been carried out since June 1994.

The many successful cancer treatments have led us to construct

a new treatment facility[1]. This new facility is equipped with three

treatment rooms, and three-dimensional raster-scanning irradia-

tion with a pencil beam is employed for all the irradiation ports[2].

In raster-scanning irradiation, a target is directly irradiated with

high-energy heavy ions.The position of the focused beam on a

target is controlled by the fast horizontal and vertical scanning

magnets.

To control the depth dose-distribution, energy degraders, such

as range shifters, consisting of PMMA plates having various thick-

nesses, are used in the present irradiation system with broad-

beam irradiation. However, these range shifters may broaden the

spot size of the beam on a target, and concurrently produce sec-

ondary fragments, which could adversely affect the depth dose-

distribution. Since focused beams are used to irradiate a target in

the raster-scanning irradiation method, it is preferable to change

the beam energy directly by the accelerators, instead of using

such energy degraders.

To change the energy of the beam, as provided by the synchro-

tron ring, we developed a multiple-energy operation with ex-

tended flattops. The proposed operation enables us to provide

heavy ions having various energies in a single synchrotron cycle;

namely, the beam energy would be successively changed within

a single synchrotron pulse by an energy step, corresponding to a

water range of 2 mm. With this operation, the beam range could

be controlled without using any energy degraders, such as the

range shifters, and hence an excellent depth dose-distribution

could be obtained.

The multiple-energy operation employs operation patterns hav-

ing a stepwise flattop, as schematically shown in Fig.1(a). With

these operation patterns, the heavy ions injected in the ring are in-

itially accelerated to the maximum energy, and then successively

decelerated to lower energies. Although the stepwise pattern only

has short flattops, where the beam can be extracted from the ring,

we can extend the flattop and extract the beam during the ex-

tended flattop.Having consecutively extended the flattops, as il-

lustrated in Fig.1(b), the beams having various energies can be

Fig. 1 (a) Schematic drawing of synchrotron pattern for multiple-energy

operation. (b) The same pattern as (a), but with the extended flat-

tops. The beam is extracted from the synchrotron ring during these

extended flattops [3].

Fig. 2 Results of the beam acceleration test using the 11-flattop operation

pattern. Beams having 11 different energies were successively ex-

tracted from the synchrotron ring.

Department of Accelerator and Medical Physics

Development of multiple-energy operation
with extended flattops

Yoshiyuki Iwata
E-mail: y_iwata@nirs.go.jp

Highlight

16 National Institute of Radiological Sciences Annual Report 2011-2012



extracted from the ring within a single synchrotron cycle, and

hence the total irradiation time can be considerably reduced.

To prove the principle of multiple-energy operation with ex-

tended flattops, we have performed beam acceleration and ex-

traction tests using the stepwise operation pattern. The pattern

has 11 short flattops, corresponding to beam energies of 430,

400, 380, 350, 320, 290, 260, 230, 200, 170 and 140 MeV/u. A

similar pattern was prepared for other devices, such as the main

quadrupole, sextupole magnets, the RF-acceleration cavity, and

the beam-extraction devices in the extraction channel. By using

the prepared operation pattern, the beam will be first accelerated

to 430 MeV/u, and then consecutively decelerated down to 140

MeV/u at an energy step of 20 MeV/u or 30 MeV/u. Results of the

beam test are shown in Fig.2. Beams having 11 different energies

were successively extracted from the synchrotron ring. The

multiple-energy operation using this pattern was successfully

commissioned and has been used for scanning treatments since

FY 2012.

The final goal of this study is to control the depth dose-

distribution only by varying the beam energy from the accelera-

tors. To accomplish this, the beam energy has to be successively

varied by an energy step corresponding to a water range of 1 mm

or 2 mm. Since the maximum and minimum energies, as used in

the raster-scanning irradiation, are 430 and 60 MeV/u, respec-

tively, the synchrotron pattern having 201 flattops will be needed

to cover the entire energy range. Fig.3(a) shows the current pat-

tern of the main bending magnets for the 201-flattop operation

pattern. The beam energies at the first and last flattops are 430

and 56 MeV/u, respectively, and the difference in the beam ener-

gies between the neighboring short flattops correspond to a water

range of 1 or 2 mm. Any of the 201 flattops can be extended, and

the beam can be extracted during an extended flattop. Hence,

with this 201-flattop operation pattern, designated the universal

pattern, the depth dose-distribution could be controlled without

using any energy degraders.

The beam acceleration and extraction tests using this universal

operation pattern were made, and some results are given in Fig. 3

(b). As can be seen in the figure, the beams having various ener-

gies were successively extracted from the synchrotron ring. These

results proved the effectiveness of the multiple energy operation.

To commission and implement the multiple energy operation with

the universal operation pattern to therapy, we will next undertake

fine tuning of the operation pattern.

Fig. 3 (a) Current pattern for the main bending magnets in the ring as a function of time. (b)

Results of the beam acceleration and extraction tests using the 201-flattop operation

pattern.
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Objectives
● To perform clinical research for clarifying usefulness of car-

bon ion therapy in order to establish new treatments for ra-

dioresistant tumors and to standardize the treatments for

common cancers.

● To perform clinical research on utilization of the advanced

technique of high-speed spot scanning irradiation of carbon

ion beam in the routine treatment for head & neck or pelvic tu-

mors.

● To investigate the benefits of improving accuracy of imaging

modalities, such as PET, MRI, and CT scans for carbon ion

therapy.

● To investigate the possibility of prediction or evaluation of ef-

fectiveness of carbon ion therapy using novel information

from imaging modalities.

● To develop and regulate a comprehensive database on ra-

diotherapy, mainly carbon ion therapy in consideration of

achieving evidence based medicine. Additionally, to propose

a national database for multi-institutional research on particle

therapy in domestic and foreign institutions.

Progress of Research
The Program of Research on the Standardization and Clarifica-

tion of Charged Particle Therapy consists of the Clinical Trial Re-

search Team, Applied PET Research Team, Applied MRI Re-

search Team, and Clinical Database Research Team. All the

teams are performing research and development on charged par-

ticle therapy. Progress of research in each team is summarized

below.

Fig.1 The numbers of patients for each tumor site treated with carbon ion beams.

Research on the Standardization and Clarification of Charged Particle Therapy

Research on the standardization and clarification of
charged particle therapy

Hiroshi Tsuji
E-mail: h_tsuji@nirs.go.jp

Highlight

18 National Institute of Radiological Sciences Annual Report 2011-2012



1) Clinical Trial Research Team

As of December 2012, a total of 7,191 patients have been

treated with carbon ion beam therapy at our institute. Carbon ion

radiotherapy of these patients was carried out as more than 60

different phase I/II or phase II clinical trials or as advanced medi-

cine treatments. Fig. 1 lists the numbers of patients for each tumor

site

We treated 656 new patients from April 2012 to December

2012; that represents an increase of more than 100 compared to

last year. Prostate, lung, head & neck, bone & soft tissue, and liver

tumors are the 5 leading tumor types in the trials and recently the

number of pancreatic tumors has been increased rapidly.

Scanning irradiation became available for the routine treatment

of less mobile targets in the head & neck or pelvic region. Actually

more than 100 patients could be safely and efficiently treated with

scanning irradiation at the new treatment research facility.

New clinical trials for pancreas, esophagus, uterus and kidney

cancers were proposed and permitted by the institute’s ethical

committee and some patients have already been enrolled. With

advancement of hypofraction for carbon ion therapy, the single

session treatment for lung cancer and the 12-fraction treatment for

prostate cancer could be established and their applications have

started as advanced medicine treatments.

As a result of clinical research so far, it has been determined

that carbon ion radiotherapy provided definite local control and

offered a survival advantage without unacceptable morbidity in a

variety of tumors that were hard to cure with other modalities. In

addition, it was possible to implement hypofractionated radiother-

apy using carbon ion beams, with application of larger doses per

fraction and a reduction of overall treatment times as compared to

conventional photon radiotherapy.

2) Applied PET Research Team

The PET respiratory gating system was modified for detecting

respiratory signals at the end of the expiratory phase which is the

same as can be achieved in the gated irradiation system for

heavy ion radiotherapy. With this modification, we are able to fuse

respiratory gating PET images with CT images for treatment plan-

ning taken in synchronization with the respiratory motion.

In order to judge applicability of carbon ion therapy, accurate

diagnosis of lung metastasis is quite important in various cancers.

To improve accuracy in diagnosis of lung nodules, we have car-

ried out research on the usefulness of a computer aided diagnos-

tic system and this year the environment (hardware and software)

for acquisition and analysis of actual patient data became avail-

able.

3) Applied MRI Research Team

To provide quantitative diagnostic information for heavy

charged particle therapy, several MR methods, such as diffusion

kurtosis imaging, quantitative dynamic contrast enhanced MRI,

MR spectroscopy, and MR elastography have been proposed.

Preliminary results about human MR elastography are reported in

the Highlight section.

4) Clinical Database Research Team

We replaced the whole database system for clinical practice in

March 2011. Historically, NIRS has built systems based on the IHE

(Integrating the Healthcare Enterprise). In order to coordinate the

Electronic Medical Record system / Computerized Physician Or-

der Entry system (EMR/CPOE) and the charged particle therapy

management system, we adopted the Enterprise Schedule work-

flow (ESI) integration profile proposed by the Radiation Oncology

Domain of IHE this time. We defined the Order Placer (OP) Actor

shown in ESI as the EMR/CPOE system and the TMS (Treatment

Management System) Actor as the charged particle therapy man-

agement system as shown in Fig. 2. In addition, the coordination

of these systems applied the transaction using the HL7 shown in

ESI. This ensures interoperability and will also be effective in when

updating the associated systems in the future.

In addition, we developed a prototype of a teaching file system

for visiting researchers including persons from overseas institu-

tions. With this system users can easily browse patient and image

information via the DICOM Viewer by selecting a disorder of inter-

est from the menu on a power-point navigation file. This year, we

compiled 11 cases for each organ: head & neck, skull base, lung,

liver, bone & soft tissue, prostate, kidney, and rectum. Such a sys-

tem is quite useful to diffuse, standardize and educate research-

ers about charged particle radiotherapy.
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Fig.2 Current IT Systems and IHE Actor at NIRS.
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Introduction
Magnetic resonance elastography (MRE) is a noninvasive tech-

nique for measuring tissue elasticity [1]. In order to generate waves

within the tissue, various external drivers have been proposed [2].

Alternatively, Gallichan et al. [3] suggested that the vibrations of the

patient table that result from the impulse of an imaging gradient

lobe could be used as a mechanical driving mechanism for MRE.

The advantage of this approach is that it can be easily adapted

for clinical application. Therefore, it has high potential to provide

quantitative diagnostic information for charged particle radiation

therapy.

In this study, we proposed gradient-vibrated MRE (GV-MRE)

which consists of sinusoidally switching gradients for table vibra-

tion before a conventional MRE pulse sequence. To evaluate the

elasticity of the brain using the specific mechanical resonance fre-

quencies of the patient table, heterogeneous phantom and in vivo

brain experiments were performed.

Materials and Methods
A spin-echo EPI MRE sequence (SE-EPI-MRE) was used for

GV-MRE data acquisition (Fig.1). Experiments were performed us-

ing a GE Signa HDx 3.0T. We directly measured the movement of

the head coil on the MRI patient table during GV-MRE scanning

using a laser Doppler vibrometer (Keyence Co., Ltd, SI-F10). The

GV-MRE experiments were conducted on a tissue-simulating het-

erogeneous polyacrylamide (PAAm) gel phantom and a healthy

23-year-old male subject. The gel phantom was160 mm long and

constructed with five cylindrical inclusions (diameter 10, 15, 20,

30, and 40 mm; gel storage-modulus 6.8 kPa) inside a larger cyl-

inder(diameter 180 mm; gel storage-modulus 3.1 kPa). The imag-

ing protocol for GV-MRE was: single-shot EPI, repetition time (TR)

= 2000 ms, echo time (TE) = 65.2 ms (MSG=40 Hz) or 50.3 ms

(MSG=57 Hz), field of view (FOV) = 192 x 192 mm2 slices = 9,

number of excitations = 1, MSG cycles = 1, phase offsets = 8,

maximum MSG gradient = 3 (in vivo 40) mT/m, vibration-induced-

gradient (VIG) and MSG frequency = 40 and 57 Hz, and VIG du-

ration time = 1 s. VIG and MSG were applied on the x-axis. In or-

der to calculate the elastogram, the local frequency estimation

(LFE) method was applied.

Results
Fig. 2 shows the vibration amplitude of the patient table during

GV-MRE scanning at each VIG frequency. The peaks at 32, 40,

and 57 Hz have amplitudes of 27, 23, and 9 μm, respectively. Fig.

3 shows shear wave images and elastograms for the heterogene-

ous PAAm gel phantom. The estimated shear moduli are shown in

Table 1. Fig.4 presents shear wave images and elastograms for

in vivo human brain. The estimated shear moduli are shown in

Table 2.

Fig. 1 SE-EPI-MRE sequence with vibration inducing gradient

Fig. 2 Vibration amplitude of the patient table during MREwVIG scanning-

with a laser Doppler vibrometer
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Discussion
The phantom experiments show that the mechanical vibration

of the patient table generates a shear wave of sufficient ampli-

tude, but insufficient spatial resolution and accuracy at 40 Hz. The

in vivo experiments at 40 Hz suggest that shear waves of suffi-

cient amplitude to penetrate the whole brain can be generated

and provide good contrast between gray and white matter. How-

ever, measurements at 57 Hz are less reliable in the deeper tis-

sue.

Conclusion
In this study, we measured the vibration amplitude of the patient

table during GV-MRE scanning as a function of VIG frequency

and obtained clear in vivo elastograms using the specific me-

chanical resonance frequencies of the patient table. The results

suggest that GV-MRE will enable quantitative measurements for

charged particle radiation therapy assessment.

Fig. 3 Wave images and elastograms of the heterogeneous gel phantom. (φ: diameter )

Fig. 4 Wave images and elastograms of in vivo human brain.
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Table 1 Average storage-modulus of the heterogeneous phantom in each

cylinder (Unit: kPa, φ: diameter, n/m: not measured)

φ10 φ15 φ20 φ30 φ40 background

40 Hz n/m 5.8±0.4 3.5±0.5 5.3±1.0 4.1±0.4 3.5±0.5

57 Hz n/m 5.0±0.3 3.9±0.3 5.7±1.0 5.6±0.6 3.9±0.3

Table 2 Average storage-modulus of in-vivo human brain in gray matter

(GM) and white matter (WM) regions (Unit: kPa)

GM WM

40 Hz 1.2±0.7 1.7±0.7

57 Hz 1.7±0.8 1.8±1.2
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Particle therapy using carbon beams is a desirable cancer ther-

apy due to the high dose localization and the high biological ef-

fect around the Bragg peak. We have developed a 3D scanning

irradiation system to enhance these advantages. The scanning ir-

radiation method has many good features; for example, it elimi-

nates the need for compensating filters and collimators, and it is

suitable for adaptive therapy. On the other hand, it has disadvan-

tages such as a long irradiation time and the difficulties associ-

ated with moving target irradiation. At the New Particle Therapy

Research Facilities in NIRS (Fig.1), we have developed a fast 3D

scanning system to solve these conventional problems [1].

Fig.1 shows a schematic view of the new facility and the exist-

ing HIMAC facility. There are three treatment rooms in the new fa-

cility. Two of them are equipped with fixed beam delivery systems

in both the horizontal and vertical directions (Rooms E & F), and

the other, now under construction, will be equipped with a rotating

gantry (Room G). The heavy ion beam is provided from the HI-

MAC upper synchrotron. Table 1 shows the major parameters of

the scanning beam delivery system. The maximum ion energy is

designed to be 12C, 430 MeV/n in order to obtain the residual

range of 30 cm.

The most important feature of the NIRS scanning system is its

speed; this shortens the irradiation time for patients and realizes

the rescanning irradiation for the moving target within a reason-

able time. We have achieved speeds 100 times faster than in past

systems by improvements of the scanning system, the treatment

planning system and the synchrotron operation. The horizontal

scanning speed reaches 100 mm/ms. We have gotten a large in-

crease in speed of not only the scanning power supply, but also

the control and beam monitoring systems.

The clinical trial for therapeutic irradiation of patients was

started on May 17, 2011 at Room E and finished on November 20.

The number of the patients treated in the new facility was 11 and

their targets were in pelvic and head regions. The irradiation area

in the target was confirmed for each patient by observation of

autoactivation using PET. Fig.2 shows an example fusion image of

the treatment plan and the PET-CT image.

In the clinical operation of FY 2011, the beam range was con-

Fig. 1 Schematic view of the new facility (New Particle Therapy Research

Facilities) and the existing HIMAC facility. When completed there

will be three treatment rooms (E-G) in the new facility.
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Development of fast 3D scanning irradiation system
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Table 1 Major parameters of beam delivery system.

Ion species Carbon

Irradiation method Scanning

Max. beam energy 430 MeV/n

Beam intensity 1 x 107－1 x 109 pps

Max. irradiation area 220 mm x 220 mm

Scanning speed 100 mm/ms (horizontal)
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trolled by inserting PMMA plates with given thicknesses. This

technique provides the desired range shift within a few hundred

milliseconds. However, the range shifter plates increase the num-

bers of secondary fragments and multiple scattering, which can

degrade the RBE and depth dose profile. It is preferable to

change the beam energy directly from the synchrotron; however

beam energies of more than 200 steps are necessary without

range shifter, which leads to long adjustment and commissioning

periods. We proposed a hybrid depth scanning method, where

coarse tuning of the range (11 steps) is provided by the energy

change of the synchrotron, while the fine tuning is provided by

thin range shifter plates (Fig.3) [2]. The dose conformity was im-

proved considerably with hybrid depth scanning after a short

commissioning period.

The carbon radiotherapy was restarted on September 11, 2012

in Rooms E and F using the hybrid depth scanning method.

Through the end of FY 2012, the number of patient is 121 for the

half year period. The average irradiation time has been 1.2 min

with the PTV volume of 180 cc. The longest irradiation time has

been 3.5 min with the maximum target volume of 1500 cc. The

dose conformity has been improved and the irradiation time is

comparable with that of the broad beam irradiation methods.

Fig.2 Cross-sectional view of the dose distribution in the treatment plan

and the PET-CT image of the autoactivation. The green line shows

the 50% contour line.

Fig.3 Comparison between the range shifter scanning and the hybrid depth scanning methods.
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We set a goal of treating 1,000 patients per year for the design

of the New Particle Therapy Research Facilities in NIRS; this is the

target number for other recent carbon ion radiotherapy facilities.

The following conditions are assumed and a simple calculation

shows that the goal is met:

(1) Treatment time of 6 hours/day and treatment period of 170

days/year;

(2) Average fraction number of 12;

(3) Average treatment room occupation time of 15 min; and

(4) Treatment room number of 3.

The treatment room occupation time in assumption (3) is a key

point for the goal realization. While the irradiation time is less than

5 min with the passive and scanning beam delivery system, most

of the room occupation time is spent for the patient setup and po-

sitioning using the imaging system. These techniques for patients

are called the patient handling system (PTH) and we have devel-

oped and tested hardware and software applications for them.

The PTH covers a wide range of functions including X-ray/CT

imaging, geometrical/position accuracy including motion man-

agement (immobilization, robotic arm treatment bed), layout of the

treatment room, workflow in the treatment room, software, and oth-

ers [1]. Fig.1 shows a block diagram of the complete treatment sys-

tem for scanning irradiation. The patient information is transferred

from the Hospital Information System (HIS) through the Treatment

Management System (TMS) to three subsystems; Scanning Irra-

diation System (S-IR), Treatment Planning System (TPS) and PTH.

The treatment data such as plans and records are stored in

DICOM-RT PACS and accessed by each subsystem.

Fig.2 shows the treatment floor in the new facility. It has three

treatment rooms (Rooms E, F & G) including one gantry room.

Fig.3 shows treatment Room E. This room has the SCARA-type

(selective compliance assembly robot arm-type) robotic arm with

a treatment table. Linear movements of 2400 mm, 600 mm, and±
300 mm are possible in the longitudinal, vertical, and lateral direc-

tions, respectively. Rotational movements are -15°to 195°for ro-

tation (isocentric),± 20°for roll, and± 5°for pitch. Absolute and

relative position accuracies are within the range of spheres of 0.5

mm and 0.3 mm diameter, respectively.

The PTH includes orthogonal (vertical and horizontal directions)

X-ray imaging systems with flat panel detectors (FPDs) for patient

position verification. All FPDs are installed within the port cover,

and the vertical X-ray tube is set under the floor. The horizontal X-

ray tube is moved down when it is used. For respiratory gated

treatment, the DFPDs are installed on the right and left sides of the

vertical irradiation port, and the respective X-ray tubes are in-

stalled under the floor. The tumor position during the irradiation

will be observed continuously using two oblique X-ray fluoro-

scopic units.

The PTH also includes several custom software applications to

Fig.1 Block diagram of the treatment system for scanning irradiation.
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facilitate treatment workflow. Fig.4 shows the graphical user inter-

face of the patient position verification application, which has

functions of landmark-based manual registration and GPU-based

2D/3D auto-registration. For the patient position verification, DRR

(Digitally Reconstructed Radiograph) images are provided from

planning CT images [2] and compared with the FPD images by the

2D/3D auto registration software. The result of the registration is

transmitted to the robotic arm and the patient position is adjusted

semi-automatically.

On May 17, 2011, the clinical trial was started for 11 patients

with tumors of the head and neck (5 patients), prostate (3 pa-

tients), and pelvis (3 patients). The treatment room occupation

time averaged over all patients was 20 min. Of the total, 3 min

were for preparation of the patient (including immobilization), 12

min for patient positioning, 2 min for irradiation (including prepara-

tion) and 3 min for exit. Residual errors in translation and rotation

averaged over all patients were 0.4 mm/0.2°at the end of the clini-

cal trial [3]. In the clinical operation in FY 2012, the treatment room

occupation time dropped to 13 min on average. The patient posi-

tioning time was lowered to 7 min, while other times were almost

the same. We believe that PTH is important to improve the effi-

ciency and precision of the treatment and reach the goal of the

treatment room occupation time.

Fig.2 Layout of the treatment floor on the second basement level of the

New Particle Therapy Research Facilities.

Fig.4 User interface of the patient position verification application.

Fig.3 Treatment Room E with two fixed beam ports and SCARA-type ro-

botic arm.
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In order to elucidate effects of local radiotherapy on the charac-

teristics of metastatic tumors, it is fundamental to understand the

nature of motility in irradiated tumor cells; this will, in turn, facilitate

the development of effective strategies to counter tumor cell motil-

ity, for use in combination with radiotherapy. It is known that tumor

cells invade by two modes of motility－mesenchymal and amoe-

boid. Tumor cells with the mesenchymal mode of motility are

known to use proteolytic enzymes, such as matrix metalloprotein-

ases (MMPs) and serine proteases (SerPs), to create a path to

move through the ECM. In contrast, cells with the amoeboid mode

of motility, which are rounded, exhibit a protease-independent

mechanism of invasion; this mechanism is based on actomyosin

contractility and is dependent on Rho/ROCK signaling. Evidence

shows that cells can shift between these two modes of motility de-

pending on the environmental conditions; this may limit the effec-

tiveness of single therapeutic agents, such as MMP inhibitors

(MMPIs), which are directed at inhibiting a single mode of tumor

cell motility. Under these circumstances, understanding cancer

cell motility is critical for the effective use of inhibitors.

Both in vitro and in vivo studies have shown that photon irradia-

tion enhances the metastatic potential of tumor cells. On the other

hand, C-ion irradiation is known to diminish the invasive potential

of several cancer cell lines. We also found from in vitro studies

that X-ray irradiation enhanced the invasiveness of pancreatic

cancer cell lines, MIAPaCa-2 and PANC-1, whereas C-ion irradia-

tion effectively suppressed the invasive potential of MIAPaCa-2,

BxPC-3, and AsPC-1 cells; however, we observed that C-ion irra-

diation enhanced invasion in PANC-1 cells [1,2]. To the best of our

knowledge, no study has been conducted to examine the inva-

siveness of cells with mesenchymal and amoeboid modes of mo-

tility after exposure to radiation. To clarify the mechanisms of dif-

ferent invasiveness of such irradiated pancreatic cancer cell lines,

we used MIAPaCa-2 and PANC-1 cells to investigate the effects of

irradiation on invasiveness focusing on the modes of motility.

We found that X-ray-induced MIAPaCa-2 invasion was associ-

ated with induction of MMP-2 expression and its activity, and in-

ducing the amoeboid-mesenchymal transition to some extent [1].

MIAPaCa-2 cells are morphologically heterogeneous, including

both mesenchymal and amoeboid modes (Fig.1). In accordance

with this, we demonstrated that the combination of MMPI and

ROCK inhibitor (ROCKI), which blocks both mesenchymal and

amoeboid movements, was needed to suppress MIAPaCa-2 inva-

siveness, whereas the single use of MMPI only slightly reduced

the invasiveness, and in the case of ROCKI, it even enhanced the

invasion (Fig.2). C-ion irradiation, on the other hand, suppressed

the expression and activation of MMP-2, which resulted in re-

duced invasion [2]. The effect of C-ion irradiation on the amoeboid

type of invasion was unknown and further research is needed.

PANC-1 cells have no rounded cells, which suggested that

PANC-1 invasiveness is dependent on proteolysis. Indeed, MMP-

2 was significant for X-ray-induced PANC-1 invasion [1]. However,

in contrast to MIAPaCa-2, C-ion enhanced PANC-1 invasion via

the activation of SerP, such as plasmin, and uPA [2]. Inhibition of the

Fig.1 MIAPaCa-2 cells with typical mesenchymal-type and amoeboid-

type morphology were shown [1].
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functioning protease, SerP, however, failed to reduce C-ion-

enhanced PANC-1 invasion because C-ion-irradiated PANC-1

cells exhibited the ability to undergo the mesenchymal-amoeboid

transition (Fig.3). To block both mesenchymal and amoeboid inva-

sions of C-ion-irradiated PANC-1 cells, we treated PANC-1 cells

with SerP inhitbitor (SerPI) plus a ROCKI; this resulted in effective

reduction of C-ion-irradiated PANC-1 invasion (Fig.4).

Over all, we found that irradiation alters the invasive potential of

MIAPaCa-2 and PANC-1 via altering functioning protease expres-

sion and its activities, and it also affects mesenchymal and amoe-

boid mode transition. Since the ability of transition between these

two modes of motility could allow the cells to invade adjacent tis-

sues via either protease-dependent or protease-independent

mechanisms depending on the environmental conditions, block-

ing of both mesenchymal and amoeboid motilities is necessary for

such cell types. We note that PANC-1 invasion was only enhanced

after the C-ion irradiation among four pancreatic cancer cell lines;

this is the first report that C-ion irradiation enhanced the invasive

potential of a tumor cell line in vitro. It is still unclear how C-ion ir-

radiation generates such cell-specific effects, and further investi-

gations, such as research on the genetic background of target tu-

mors, will be required.

Fig.2 The effects of MMPI and ROCKI on the invasiveness of MIAPaCa-2 cells. Invasion assay

was performed with addition of ROCKI or ROCKI plus MMPI. Data represent the mean±SD

of samples (n = 6). ＊P < 0.05 vs. control [1].

Fig.3 The effects of SerPI on the mode of motility of C-ion-irradiated PANC

-1 invasion. Morphology of invaded PANC-1 cells with SerPI is

shown. Bar = 200 μm [2].

Fig.4 The effects of SerPI plus ROCKI on the invasiveness of C-ion-

irradiated PANC-1. Invasion assay was performed with addition of

ROCKI, or ROCKI plus SerPI. Data represent the mean±SD of sam-

ples (n = 6). ＊P < 0.05 vs. control [2].
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Summary
We investigated whether inherent factors produced variance in

mouse lung morbidity in response to C-ions. Three strains of fe-

male mice (C3H/He Slc, C57BL/6J Jms Slc, and A/J Jms Slc)

were locally irradiated in the thorax with either C-ion beams (290

MeV/n, in 6 cm spread-out Bragg peak) or with 137Cs γ-rays as a

reference beam. The survival data in mice showed a between-

strain variance after C-ion irradiation with 10 Gy. The median sur-

vival time of C3H/He was significantly shortened after C-ion irra-

diation at a higher dose of 12.5 Gy. Histologic examination of the

lung revealed early-phase hemorrhagic pneumonitis in C3H/He

and late-phase focal fibrotic lesions in C57BL/6J after C-ion irra-

diation with 10 Gy. Pleural effusion was observed in C57BL/6J and

A/J mice at 168 days after C-ion irradiation with 10 Gy. We identi-

fied candidate genes, Gdf15 and Has1, which were differentially

expressed between C-ion and γ-ray irradiation with strain-

dependent changes. Immunohistochemical staining showed that

the number of CD44-positive cells and Mac3-positive cells varied

significantly among the three mouse strains during the early

phase. These data demonstrated a strain-dependent differential

response in mice to C-ion thoracic irradiation. Our findings also

provided candidate molecules that could be implicated in the

between-strain variance to early hemorrhagic pneumonitis after C

-ion irradiation.

Introduction
Carbon ion therapy has gained increasing attention in the last

decade because it spares normal tissue and gives improved tu-

mor control. One important target cancer for C-ion radiation ther-

apy is lung cancer, which has been the leading cause of cancer-

related death in Japan [1]. Dose escalation using C-ions is a prom-

ising approach especially for locally advanced non-small cell

lung cancer. Despite recent technological advancements in C-ion

irradiation, occasional cases of radiation pneumonitis occur [2].

The ability to identify which patients are at risk of C-ion-induced

lung injury would allow for safer and more efficient therapy with

patient-specific regimens. The presence of individual or strain dif-

ferences in lung radiosensitivity to low-LET irradiation has been

well established. Although the diversity in sensitivity of individual

tumor cells to C-ions is known to be smaller than for photon irra-

diation, little is known about the inherent factor(s) involved in ra-

diosensitivity to high-LET C-ions in normal lung tissue. Thus, in

this study, we performed whole-lung C-ion irradiation using three

different strains of mice to examine whether strain-dependent dif-

ferences in radiation effects occur in C-ion thoracic irradiation.

Mice survival study and histologic examination after
C-ion irradiation

A difference in mouse strains was demonstrated in the survival

assay after 10 Gy of thoracic C-ion irradiation within a period of

180 days; almost all C57BL/6J mice had died by 6 months, while

most of the C3H/He mice were still alive at 6 months. Survival

curves after γ-irradiation showed a different manner of between-

strain variance after 15 Gy and 20 Gy. The median survival time of

C3H/He mice after γ-irradiation was significantly shortened as the

dose was increased from 10 Gy to 15 Gy and 20 Gy. Similarly, the

median survival time of C3H/He mice after C-ion irradiation was

significantly shortened as the dose was increased from 10 Gy to

12.5 Gy.

All strains showed intra-alveolar hemorrhage at 56 days and 84

days after C-ion irradiation, which is defined as the presence of

red blood cells in the alveolar space (Fig. 1). C3H/He mice

showed (++) hemorrhage at 56 days after irradiation in 2 of 10

mice without evidence of ruptured vessel walls (Fig. 1b). This

hemorrhage in C3H/He was gradually resolved by 84 days (Fig. 1

c), and 10 Gy of C-ion irradiation did not lead to lethality. In con-

trast, C57BL/6J mice showed only slight microscopic hemorrhage

(Figs. 1e and f). At 168 days after irradiation, intraalveolar hemor-

rhage was not seen in any of the strains. The data of C3H/He mice

showing diffuse hemorrhagic alveolitis at 2-3 months after C-ion ir-

radiation with 10 Gy may have led to the waves of death in the C3
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H/He mice at the higher dose of 12.5 Gy. On the other hand, C57

BL/6J and A/J mice developed pleural effusion with focally fibrotic

lesions at 6 months. Thus, our study reveals that strain-related dif-

ferences in lung morbidity are also evident with high-LET C-ion ir-

radiation.

Identification of C-ion irradiation-responsive genes
with strain differences in expression

We performed gene expression analysis using right lung lobes

taken after C-ion or γ-irradiation with a dose of 10 Gy to select

genes potentially associated with strain differences in response to

C-ion irradiation. Microarray analysis identified differential expres-

sion changes in growth differentiation factor 15 (Gdf15) and

hyaluronan synthase 1 (Has1) . In quantitative RT-PCR, we ob-

served elevated Gdf15 and Has1 expression at 6 hours after C-

ion irradiation in all strains (Figs. 2a and b), which remained ele-

vated for 12 weeks in C3H/He and C57BL/6J mice (Figs. 2c and

d), although expression amounts of both genes were clearly

higher in C57BL/6J than in C3H/He.

Gdf15 is a murine ortholog of human macrophage inhibitory

cytokine-1, which regulates inflammation after injury as well as

acts as an autocrine inhibitor of macrophage activation. Hyaluro-

nic acid (HA) is a component of the extracellular-matrix. Has1 is

one of the 3 HA synthase isoforms (Has1, Has2, and Has3) that

are expressed at a higher level in growing cells than in resting

cells. Our data indicate that the expression level of particular early

-responsive genes is related to those cytokines or extracellular-

matrix components and support the notion that these molecules

may be involved in the mechanism that causes early hemorrhagic

pneumonitis.

Immunohistochemical analysis of HA, CD44, and Mac3
expression

The number of CD44-positive cells, a surrogate marker for HA

accumulation, showed differences between strains from 14 days

to 84 days after C-ion irradiation. Similarly, the number of Mac3-

positive cells, a marker for macrophage infiltration in irradiated

lung, showed interstrain variance from 14 days to 56 days after C-

ion irradiation. Because most CD44-positive cells corresponded

to alveolar macrophages based on hematoxylin-eosin staining

(data not shown), the fraction of CD44-positive macrophages was

expressed as the ratio of CD44/Mac3 positive cells for descriptive

purposes. This analysis clearly demonstrated the strain differ-

ences from 14 days to 84 days. These findings imply that the ele-

vated expression of CD44 on macrophages, seen in C3H/He

mice, accelerates the clearance of degraded HA from the

extracellular-matrix. This promotes the migration of macrophages

into the alveolar space or into the interstitium during the early

phase, which may consequently evoke pneumonitis with intra-

alveolar hemorrhage.

In planning radiation therapy for lung cancer, it is critically im-

portant to be able to predict whether an adverse effect such as ra-

diation pneumonitis is likely to develop for a particular patient. Be-

cause both bronchoscopy and bronchoalveolar lavage are com-

mon procedures in therapy as well as diagnosis for illness, then

measurement of the number of CD44-positive and Mac3-positive

cells in bronchoalveolar lavage fluid before and during radiation

therapy will be useful to minimize the adverse effects of early-

phase pneumonitis.

Fig.1 Representative findings of hematoxylin and eosin-stained sections

(X20 objective) after carbon ion irradiation with 10 Gy (n = 10). The

number of mice for each criteria (per 10 mice)：(-)＝no hemor-

rhage; (+) = hemorrhage observed microscopically (X40 objective);

(++) = hemorrhage observed microscopically (X10 objective) [3].

Fig.2 Quantification of mRNA expression levels for Gdf15 (a) and Has1

(b) 6 h after carbon ion or γ-ray irradiation with 10 Gy. Trend in ex-

pression levels up to 32 weeks for Gdf15 (c) and Has1 (d). Relative

values are plotted in comparison with the corresponding preirradi-

ated samples, and data are expressed as ratios (n = 3; ＊＊P < 0.05,

Student t test) [3].
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The approval of “advanced medicine” at NIRS in 2003 has

awakened an interest in carbon-ion radiotherapy all over Japan.

In order to promote carbon-ion radiotherapy, development efforts

for new downsizing technologies, personnel training systems,

guidelines for treatment procedures, methods of radiological pro-

tection for medical workers and related persons, and so on have

been carried out by the Japanese government and collaborating

organizations. The most important project was the construction of

the Gunma University Heavy Ion Medical Center (GHMC), and

GHMC was launched in 2010. As a result, constructions of the 4th

facility in Saga and the 5th facility in Kanagawa were promoted

and started. The SAGA Heavy Ion Medical Accelerator in Tosu

(SAGA-HIMAT) will start operation in 2013. Construction of the ion-

beam Radiation Oncology Center in Kanagawa (i-ROCK) at Kana-

gawa Cancer Center also started in 2011. Table 1 lists heavy ion

radiotherapy facilities worldwide. Presently, there are six facilities

in operation and seven are under construction. Five of the thirteen

are located in Japan. The oldest (Bevalac) and third oldest

(UNILAC+SIS) facilities are no longer in operation.

On the other hand, many issues for study have been increas-

ingly recognized, i.e. continuing efforts for cost reduction, devel-

opment of systematic patient selection procedures, development

of specialists in related industrial fields, and so on. It is necessary

Fig.1 NIRS’s roadmap for carbon-ion radiotherapy promotion in 2011-2015.

Research and Development for the International Promotion of Carbon Ion Radiotherapy

Promotion of carbon-ion radiotherapy facilities

Atsushi Kitagawa
E-mail: kitagawa@nirs.go.jp
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to improve the framework of knowledge and technology transfer,

to increase efforts in human resources development, to achieve

worldwide standardization, and to cooperate on new research

and development. A new roadmap for the next step of promotion

by NIRS has been determined and is shown in Fig.1.

In the present cooperation framework between NIRS and a

partner, NIRS desires to give necessary support in construction

procedures as summarized in Fig.2. In the planning phase, the

partner is able to obtain the necessary clinical knowledge or tech-

nical recommendations. NIRS dispatches specialists to author-

ized committees for the partner. The necessary technical guid-

ance or technology transfer will be arranged during the construc-

tion phase. For operation planning, the partner is also able to

share clinical data such as protocols and clinical results. Recent

hospital-specified facilities have set a goal of treating 800-1000

patients per year. Of course, it is not possible for only NIRS to

solve all problems and to realize the goal. Cooperation among re-

lated public and private organizations in many fields is very im-

portant. International activities and collaborations are also re-

quired. It is expected that the role of cooperation frameworks be-

tween NIRS and such organizations will become more efficient.

Fig.2 A typical cooperation procedure between NIRS and a partner

Table 1 Heavy ion radiotherapy facilities worldwide.

Institution
Facility
acronym

Location
(Country)

Start,
close
year

Total
pati-ents

Number of treatment rooms
and irradiation ports

Irradi-
ation
methods

Energy (MeV
/u)/ Intensity

Ion
species

R H V Other

LBL Bevalac
Berkeley
(USA)

1975
1992

433 1 1 0 0 ST, W
670(Ne)
1E10ppp

Ne, Si, etc

NIRS HIMAC
Chiba
(Japan)

1994
-

6846
Jul.’12

6* 4 4
1*

rotate
W, LS, RS

430/
2E9pps

C

GSI UNILAC+SIS
Darmstadt
(Germany)

1997
2009

440 1 1 0 0 RS
430/
4E10ppp

C

Hyogo ion
beam medical center

HIBMC
Hyogo
(Japan)

2002-
1393
Mar’12

3+ 2 1
1

45deg
W

320/
2E9pps

C, p

IMP HIRFL-CSR
Lanzhou
(China)

2009
-

159
Oct’11

2 2 0 0 W, LS
235/
5E8ppp

C

Univ. Heidelberg HIT
Heidelberg
(Germany)

2009
-

900
May‘12

3 2 0
1

rotate
RS

430/
1E9ppp

C, p

Gunma Univ. GHMC
Gunma
(Japan)

2010
-

424
Dec‘12

4* 2 3* 0 W, LS
400/
1.2E9pps

C

Fondazione CNAO CNAO
Pavia
(Italy)

2012
-

- 3 3 1 0 RS
400/
4.5E8ppp

C, p

Kyushu International
heavy-Ion Treatment Center

SAGA-HIMAT
Saga
(Japan)

2013
(plan)

- 3* 3* 2*
1

45deg
W, LS, RS

400/
1.2E9pps

C

Fudan Univ.
Shanghai Cancer Center

SPHITH
Shanghai
(Chiba)

2013
(plan)

- 3 1 2 1 RS
430/
3E8pps

C, p

EBG MedAustron Ltd. Med-Austron
Wiener Neus-
tadt (Austria)

2014
(plan)

- 3* 2* 1 0 RS
400/
1E9pps

C, p, O

Gansu Tumor
Hospital

HITFiL
Lanzhou
(China)

2014
(plan)

- 4 2 2
1

45deg
W, SS

400/
4E8pps

C

Wuwei Tumor
Hospital

HITFiW
Wuwei
(China)

2014
(plan)

- 4 2 2
1

45deg
W, SS

400/
4E8pps

C

Kanagawa
Cancer Center

i-ROCK
Kanagawa
(Japan)

2015
(plan)

- 4 4 2 0 W, LS, RS
430/
1.2E9pps

C

KIRAMS KHIMA
Busan
(Korea)

2015
(plan)

- C

Treatment rooms: * includes those under construction and used in research, + excludes proton treatment rooms
Irradiation method: ST (scatterer); W (wobbler); LS (layer stacking); RS (raster scanning); SS (spot scanning)
Unit of intensity: ppp (particles per pulse); pps (particles per second)
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Since 1994 the Heavy-Ion Medical Accelerator in Chiba (HI-

MAC) at NIRS has been opened to use by researchers worldwide

in the field of ion-beam sciences other than carbon-beam radio-

therapy. There are four experimental halls (Physics, Biology, Sec-

ondary beam and Medium-energy caves) as well as three treat-

ment rooms. During the daytime from Tuesday through Friday, HI-

MAC is operated for patient treatments. At night and on weekends

the four halls can be used for various experiments with ion beams.

The latter framework is specified as “The Research Project with

Heavy Ions at NIRS-HIMAC”. Table 1 shows typical beam charac-

teristics which are available at the Physics cave.

NIRS accepts proposal submissions for the Research Project

twice a year (basically in June and November). Information about

the call for proposals can be seen on the NIRS website [1]. The Pro-

gram Advisory Committee (PAC) for the Research Project reviews

submitted proposals from the viewpoint of scientific merits and

feasibilities. The Machine Time Committee allocates beam time in

accordance with the review of PAC, considering requests from

proposers. The Program Coordinator Group supports researchers

especially from external institutions. The researchers, whose pro-

posals employing HIMAC are accepted, are asked to make a re-

port including a list of publications and to make a presentation at

annual meeting after the end of the fiscal year (FY).

Fig.1 shows numbers of accepted proposals as a function of

fiscal year. In FY 2011, 133 proposals from medicine, biology and

physics etc. were accepted and total beam time of 5070 hours

was supplied. Fig.2 shows contents of accepted proposals: phys-

ics pie chart (a) includes medical physics, accelerator, atom & nu-

clear physics, chemistry and space sciences; and biology pie

chart (b) includes fundamental studies for cancer treatment, re-

sponse of normal tissue, cell biology and molecular biology. More

than 700 researchers, including 120 foreigners, were registered

as participants from external institutions. Fig.3 shows numbers of

scientific reports such as original papers, proceedings, theses

and oral presentations. For more detail, the annual report [2] of the

Research Project (partly in English) is available from the Program

Coordinator (book or CD-ROM) and at the NIRS website (PDF

file). It includes submitted reports and publication lists.

Research and Development for the International Promotion of Carbon Ion Radiotherapy

The Research Project with Heavy Ions at NIRS-HIMAC

Akifumi Fukumura
E-mail: fukumura@nirs.go.jp

Table 1 Typical beam characteristics available at HIMAC

Ion Energy(MeV/u)
Intensity
pps(partides/second)

He 100 180 230 － － － － － <1.2×1010

C 100 180 230 290 350 400 430 － <1.8×109

N 100 180 230 290 350 400 430 － <1.5×109

O 100 180 230 290 350 400 430 － <1.1×109

Ne 100 180 230 290 350 400 600 － <7.8×108

Si 100 180 230 290 350 400 600 800 <4.0×108

Ar － － － 290 － 400 650 － <2.4×108

Fe － － － － － 400 500 － <2.5×108
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Fig.1 Numbers of accepted proposals as a function of fiscal years

Fig.2 Contents of accepted proposals in physics (a) and biology (b) in FY

2011

Fig.3 Number of scientific reports as a function of fiscal year
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