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3. Research Center for Charged Particle Therapy

Dr. Tsujii received a Ph. D. from Hokkaido University in 1985 for his study on
radiation therapy. He has been majoring in radiation oncology since 1969, including
particle beam therapy at New Mexico University, PSI, Tsukuba University and
NIRS. He received Scientific Award from Princess Takamatsu Cancer Research
Fund in 2005 and NISTEP Award from National Institute of Science and Technology
Policy in 2006. He has been an honorary membership of ESTRO since 2001 and a
Coordinate Member, Science Council of Japan since 2006. He has been a Director
of Research Center for Charged Particle Therapy, NIRS since 2003.

Hirohiko Tsujii, M. D., Ph. D.
Director of Research Center for
Charged Particle Therapy

The Research Center for Charged Particle Therapy
(hereafter, abbreviated as "Center") was established
in 1993 when the NIRS completed construction of the
HIMAC. Since then it has been carrying out clinical,
biological and physics research using heavy ions
generated from the HIMAC. After accumulating clinical
experiences of carbon ion radiotherapy in various types
of malignant tumors, the Center was successful in
obtaining approval from the Ministry of Health, Welfare
and Labor for "Highly Advanced Medical Technology" in
2003. Thus carbon ion therapy has meanwhile achieved
for itself a solid place in general practice. The HIMAC
has been also served for >500 researchers as a
multi-user utilization facility for medical, biological and
physics research.

In 2006, when the second Mid-Term of the NIRS was
initiated, the Center was reorganized to conduct life
science research on ionizing radiation, focusing on
carbon ion radiotherapy. This would eventually contribute
to the improvement of the quality of life of human
beings. Research plans for the fiscal year of 2006
include : clinical study on carbon ion radiotherapy for
locally advanced tumors ; development and improvement
of radiotherapeutic techniques ; design study and R&D
for a new extension of the treatment rooms for the
HIMAC ; research on diagnostic imaging ; QA/QC for
radiotherapy and radiation protection ; radiobiological
experiments for improvement of radiotherapy ;
exploration of variability of radiation sensitivity by
investigating the SNIPs ; research on HiCEP.

The Center is organized of 6 research groups for two
major topics (A, B and C). Progress of research for
each topic is summarized.

A. Research on the use of heavy ion beams for
cancer radiotherapy.

① Development of advanced cancer radio-
therapy with charged particle

This subject has been carried out by the Particle
Therapy Research Group (GL; T. Kamada) consisting
of 3 teams : Clinical Trial Research Team, Clinical
Database Research Team, and Radiation Effect
Research Team.

From June 1994 to February 2007, a total of 3,178
patients were enrolled in nearly 50 different phase I/II
and phase II trials and also in Highly Advanced Medical
Technology of carbon ion radiotherapy. In the year
2006, a total of 549 patients with a variety of malignant
tumors were treated with carbon ions, in which nearly
75 % of the patients were treated in Highly Advanced
Medical Technology.The hypofractionated radiotherapy
with employment of larger doses per fraction and
shorter overall treatment time as compared to
proton or conventional photon radiotherapy has been
effectively performed. The average number of fractions
per patient was 13 given in 3 weeks. The new MLC
having fine leaves has been developed since 2005 and in
2006 the amount of radiation leakage through this
MLC was measured. It was found that the ratio of the
leakage dose to the unshielded dose for 400 MeV/u
carbon beams was measured to be about 1 % at the
entrance while the currently used MLC gave about 0.6
%. The leakage dose decreased as the depth in water
became larger. For effective performance of charged
particle therapy, computer oriented information
system is mandatory. In 2006, the Electronic Medical
Record (EMR) was implemented and coordination
among several database systems, including the
Hospital Information System, Therapy Plan Database,
Therapy Schedule Management System, PACS and
Radiology Information System for Radiation Therapy,
was improved. The TCP model proposed by Webb
and Nahum has been used for analysis of clinical
results, which provided useful data for clinical practice.
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Four new protocol studies were initiated in 2006 :
chemoradiotherapy of pancreas cancer ; single fraction
treatment of metastatic liver tumor ; short course
radiotherapy of hilar, nodular type NCSLC ; extended
field radiotherapy of locally advanced cervix cancer.
② Development of a novel irradiation system

for charged particle therapy
This subject has been carried out by the Medical

Physics Research Group (GL ; K. Noda) consisting
of 4 teams : Accelerator Development Research
Team, Irradiation System Research Team, Therapy
System Research Team, and Compact Heavy-Ion
Therapy System Research Team.

In the fiscal year 2006, research was focused on
development of 3-D scanning method with a pencil
beam for the new treatment facility that was designed
as an extension of HIMAC. In this new facility, 3D
scanning method will be used for treatment of both the
fixed target and moving target. For this purpose the fast
scanning method and phase-controlled re-scanning with
gated irradiation were experimentally evaluated. The
fast scanning method was successfully realized by
taking account for extra dose that was measured when
the spot moves from one position to the next. It was
also confirmed through computer simulation that the
phase-contro l led re- scanning gave a suf fic ient
uniformity in both the lateral and depth-dose
distribution even in the moving target. Furthermore,
the design study on a rotating gantry system using 3D
pencil beam scanning method was performed. The final
90-degree bending magnet is divided into the two for 60
and 30 degrees with the scanning magnets being installed
between them. Total weight of the gantry system was
successfully lowered to about 350 tons, which was about
the half the weight of the gantry developed at GSI.
③ Standardization and improvement of thera-

peutic and diagnostic techniques
This research covers a wide range of research and

has been performed by the Diagnosis and Treatment
Advancement Research Group (GL : T. Kamada)
consisting of 4 teams: Image Diagnosis Research Team,
Image Processing Research Team, Quality Control
Research Team, and Radiological Protection Research
Team.

Image diagnosis research team studied fundamental
aspects on application of new PET tracers for oncology
imaging. This year, tumor hypoxic imaging using
62Cu－ATSM was initiated and bone metastasis imaging
using 18F- FNa was also investigated. Image processing
research team studied a various type of organ motion
using single/serial 4D CT. Quality control research
team developed a graphite calorimeter for absolute
dosimetry in carbon ion irradiation and demonstrated a
good linearity of response as a function of absorbed
dose. Radiological protection team studied on the doses

given to the patients in X-ray CT examination, in which
TLDs were used for measurement.

B. Research on radiation effects for improvement
of radiation therapy

① RadGenomics research concerning the
radiation sensitivity

This subject has been carried out by the RadGenomics
Research Group (GL; T. Imai) consisting of 3 teams :
Genetic Information Team, Molecular Radio-oncology
Team, and Molecular Biostatistics Team.

Normal tissue reactions of cancer patients vary
considerably after radiotherapy. A numberof observations
have indicated that certain genetic factors play important
roles in this variability. The aim of the RadGenomics
Research Group is to explore the genetic characteristics
for both the patient and its bearing tumor, by which the
potentially most effective radiotherapy can be delivered.
This, from the molecular-biological standpoint, would
open the way to the development of an individual-oriented
radiotherapy. In the fiscal year 2006, four researches
were primarily conducted. First, we developed a novel
optical detection system for on-chip allele-specific
primer extension to conveniently genotype multiple
SNPs simultaneously. Second, microarray analysis
with murine tumor models revealed activated molecular
pathway with carbon-ion irradiation responsible genes
and pathological evidences of superior effectiveness of
carbon-ion irradiation. Third, using F2 mice descended
from two inbred strains, radiation-induced apoptosis
sensitive C57BL/6JNrs and radiation-induced apoptosis
resistant C3H/HeNrs, we identified a significant locus
on chromosome 15 for jejunal crypt cell apoptosis. This
result will provide useful tools to identify the new
radiosensitive loci. Finally, analyzing RAD18-knockout
(RAD18-/-) cells generated from human HCT116 cells
suggested a new function of RAD18 for S phase-specific
DNA single-strand break repair.

These results will contribute to identify predictive
markers for individual radiosensitivity for both malignant
tumors and surrounding normal tissues. Furthermore,
we have established a collaborating network with five
university hospitals and our Hospital of the Center to
allow for "from bench to bedside" research.

② Biological research concerning the
improvement of radiation therapy

This subject has been carried out by the Heavy-Ion
Radiobiology Research Group (GL ; R. Okayasu)
consisting of 4 teams: Biophysics Team, Experimental
Therapy Team, Cellular and Molecular Biology Team,
and Radiation Modifier Team.

Biophysics Team : RBE studies on DNA double
strand break (DSB) repair indicated indirect effects of
radiation damage even in the cells irradiated with high-
LET radiation. Our method of using remaining number
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of chromatid breaks after irradiation could be used for
prediction of an individual radiosensitivity.Experiments
on bystander effects with micro beams were started at
TIARA/JAERI, PF/KEK, and Spring-8/JASRI.
Experiments concerning the inter-comparison of RBE
values among domestic and/or international ion-beam
radiotherapy facilities were completed this year.

Experimental Therapy Team : The studies on a mouse
model of tumor induction revealed that 15 KeV/ m
carbon irradiation gave a lower induction rate than
gamma-irradiation. New studies on tumor heterogeneity
were started using the mixture of two tumor types with
varying levels of radio-sensitivity. Among three mixed
tumor groups, one showed a different sensitivity as
compared to the control with single tumor type.

Cellular and Molecular Biology Team : Biological
differences between X-ray and heavy ion particle (C,
Fe, Ne) irradiation were identified using several
quantitative assays with therapeutic level radiation
doses. Both DNA microarrays and HiCEP analysis
demonstrated some characteristic molecular features
with high LET irradiation. The mechanism of
radiosensitization by 17-AAG was identified with
X-rays, and radiosensitization was also observed with
carbon ions. RNA interference (RNAi) strategy was
used to increase radiosensitivity of tumor cells.

Radiation Modifier Team : One of Vitamin-E analogs
showed a scavenging rate constant three times larger
than that of natural vitamin E. Tocopherol monoglucoside
(TMG) and -tocopheryl-N, N-dimethylglycine
( -TDMG) showed a significant in vivo radioprotection
even in post-irradiation administration. An (-Lipoic
acid was found to be a good protector for the brain and
its functions. For the study of redox- and oxygen-
mapping, T1-weighted MRI was shown to have a great
advantage in evaluating the pharmacokinetics of newly
modified and/or designed nitroxyl contrast agents.
③ Transcriptome Research for Radiobiology
This subject has been carried out by the Transcriptome

Research Group (GL ; M. Abe) consisting of 3 teams :
Stem Cell Research Team, Gene Expression Profilling
team, and Model Organism Research Team.

HiCEP is an ideal method for transcriptome analysis,
in which the principle is different from hybridization-
based methods. This year an automatic HiCEP reaction
machine (HiCEPer) was developed, which permitted
to achieve 96 reactions simultaneously within 3 days.
This enables us to perform 10,000 reactions per year
and to analyze many applications such as diagnosis,
human molecular epidemiology and so on. In order to
generate an assay system for genome reprogramming,
we established fibroblast cell lines in which reporter
gene was inserted by homologous recombination.
Stem-cell specific promoter that was identified by us
controls the reporter gene. This system allows us to

assess candidate genes, because if the candidates
reprogrammed the fibroblast cells, the reporter gene
would be expressed. In addition, we performed
functional analyses of the four genes using their
knockout mice, which were generated last year. Two
lines out of the four strains, abnormal chromosome
integrity, radiosensitivity, oncogenesis and aging have
been suggested. One out of the four, defects of circadian
rhythm and carcinogenesis have been also suggested.
The remaining one showed a male infertility. Detail
analysis of their testis demonstrated that spermatogonial
stem cells are defective.

Finally, our proposals for medical use of HiCEP were
submitted to the ethical committee of our institute.
Then, protocol study for esophageal cancer was just
authorized and other study using the blood is also under
consideration.

C. Research Project with Heavy Ions at NIRS-
HIMAC

Proposals of 121 were accepted and were carried out
in FY2006 at HIMAC. The beam time of 5,457 hours
was supplied to those researches.

The 72 papers, 53 proceedings were published, and
245 papers were presented at various meetings. Total
of 528 researchers, including 61 foreign researchers,
participated in the project.
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3.1. Developing advanced clinical therapy with charged particle

Dr. Kamada received a Ph. D. from Hokkaido University in 1996 for his study
on radiotherapy of bile duct cancer. He has had 27 years of experience in clinical
research on radiation oncology, including 12 years experience in carbon ion
radiotherapy at NIRS. Since 2006, he has been group leader of the Particle Therapy
Research Group for developing advanced clinical therapy with charged particle.

: t_kamada@nirs. go. jp
Tadashi Kamada, M. D., Ph. D.
Head, Clinical Oncology

＊Clinical studies to develop therapeutic techniques for
diseases that are difficult to treat with other therapies
(such as pancreatic cancer) and for which charged
particle radiation therapy does not yet have a role.

＊A study on optimizing irradiation methods by disease
and by region, using clinical investigations of
therapies in which radiation is combined with drugs
and operations

＊Development of a comprehensive database on treatment,
clinical course and other factors. Comparison and
analysis of domestic and foreign data on particle beam
therapy.

＊To maximize and disseminate the therapeutic effect
of charged particle technology, five hundred patients
are to be treated annually. This is the target number
combining patients taking part in clinical studies and
those receiving high-technology treatments, in
consideration of the fact that the NIRS is primarily a
research and development facility.

＊The therapeutic effects of treatments developed by
the Institute are evaluated from the viewpoint of
quality of life (QOL) and therapeutic costs. Patients'
opinions are collected to gauge their level of satisfaction
with the therapy.

The Particle Therapy Research Group for developing
advanced clinical therapy with charged particle consists
of clinical trial research team, clinical database research
team, and radiation effect research team. It does
research and development on charged particle therapy.
Progress of research in each team is summarized.

1) Clinical trial research team
From June 1994 to February 2007, a total of 3178

patients were enrolled into clinical trials using carbon
ion beams generated by HIMAC. Carbon ion radio-

therapy of these patients was carried out by nearly 50
different phase I/II or phase II protocols and highly
advanced medical technology. The number of the
patients in each tumor site treated with carbon ion
beam are listed in Table 1.

Table 1. The number of the patients in each tumor site
treated with carbon ion beam.

We treated 549 new patients in 2006. Prostate, lung,
head and neck, bone and soft tissue, and liver tumors
are the leading 5 tumor types in the trials. A total of
2,867 patients who had a follow-up period of 6 months
or more were included in this report. The clinical trial
revealed 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. Using carbon ion
beams, hypofractionated radiotherapy, with application
of larger doses per fraction and a reduction of overall
treatment times as compared to conventional photon
radiotherapy was possible. Carbon ion radiotherapy
has been approved by the Ministry of Health,
Labor and Welfare of Japan as "Highly Advanced
Medical Technology (HAMT) " since November 2003.
Nearly 75 % of the patients receiving carbon ion
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radiotherapy were treated by HAMT in 2006.
When irradiating a patient with carbon beam, the

patient should be protected from being exposed on an
unwanted dose. A multi-leaf collimator (MLC) and
patient collimators are used to spatially limit the carbon
beam for the sake of delivering high localization of the
dose to a target. The MLC can easily form an arbitral
aperture shape which conforms to a cross sectional
shape of the target by computer control. However,
since each leaf of the present MLC is 6.5 mm thick, it
is difficult to make the fine shape which is required for
the cases of cancers which are abutting critical organs,
such as head and neck cancers. It the case, the patient
collimator is used, which is manufactured by boring an
aperture in a brass block, and it takes a couple of days
and cost. Furthermore, use of the patient collimator
has enforced radiation therapy technologists to set the
heavy collimator just above a patient in positioning.
Omitting the patient collimator reduces the expense
and the human burden.

A new MLC has been under development since 2005
to be applicable to the case in which the patient
collimator is usually required. The MLC is equipped
with 88 pairs of 2.5 mm thick leaf with 0.15 mm spacing.
We would like to notify that the thickness is almost 1/3
of the present thickness of 6.5 mm. Each leaf has a
step-like structure, instead of a tongue-and-groove
structure. The thin multi-leaf, however, gives rise
to a problem that the area occupied by the gaps relatively
increase with respect to the total area. Since the gap is
shielded by a half-length leaf, the beam leakage would
increase more than the present MLC. The ratio of the
leakage dose to the unshielded dose for 400 MeV/u
carbon beams was experimentally proved to be about 1
% at the entrance while the present MLC gives about
0.6 %. The leakage dose decreases as the depth in
water becomes deeper.

2) Clinical database research team
At October 2006, we had implemented the Electronic

Medical Record (EMR) and developed a simple input
method for the patient's findings, symptom, tumor
response, and toxic reactions that should be estimated
by the physician during the clinical interview. We
improved the coordination among several database
systems (Hospital Information System, Therapy Plan
Database, Therapy Schedule Management System,
PACSs and Radiology Information System for Radiation
Therapy). These systems are connected to each other
and data are transmitted to the destination systems. We
could gather data directly from the information source.
We also developed the IHE (Integrating the Healthcare
Enterprise) EUA (Enterprise User Authentication)
and PSA (Patient Synchronized Application) functions
on the existing systems. These functions made it easy

to operate multiple systems. Two PCs (for example :
EMR and PACS viewer) are commonly used for the
Hospital Information System in one clinical unit. Many
physicians have to enter a user ID and password to login
to these systems. To solve the troublesome manipulation,
we developed the function of the IHE-ITI EUA and
PSA. We developed middle-ware for the EUA/PSA to
reduce the implementation load among the EMR,
PACS-viewer, report-viewer, radiation scheduling
sys-tem and radiation information system. The EUA/
PSA was based on the HL7 CCOW standard and did not
support multi PCs. So we enhanced the EUA/PSA
mechanism for use with several PCs. We realized that
EUA/PSA were essential in a multi-system environment.
Our middle-ware resolved the complexities of the
application implementation. The established guideline
was useful to unify the user interfaces of each
application. We found that the EUA/PSA function will
be inevitable for visual integration.

Among hospitals and/or medical institutions we
implemented the system to share medical data. This
system is based upon the IHE Cross-Enterprise
Document Sharing (XDS) which uses SOAP, ebXML
RIM and Web Service Description Language (WSDL)
and HL7. We prepared the Open Source Software
license for the delivery of software. We are now
developing a document source, document repository,
document registry and document consumer that were
defined by the IHE XDS. We are planning to open this
software made by our project until autumn 2007. We
think that it is very important to maintain this software
and to improve them periodically. We are making effort
to establish a maintenance framework for open source
software.

We continued to promote standardization of the
database, and the XML module for radiation therapy
and to prepare to communicate clinical radiotherapy
data with other hospitals and/or medical facilities. We
analyzed the physician's workflow in radiation oncology
departments of the Japanese hospitals. In this workflow
analysis, we classified the flow into 4 categories
(initiation of radiation therapy, daily treatment,
interruption and resume, termination). This categories
were suitable for Japanese environment.

The NIRS Hospital Information System renewed at
October 2006 is shown in Figure. 1.
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Figure. 1 Current status of Hospital Information Sys-
tem in NIRS.

3) Radiation effect research team.
The RBE model currently used at HIMAC yields a

clinical dose distribution that depends only on LET as a
function of depth while excluding the other factors such
as dose level, tumour type or fraction schedule. This
principle contributes for reducing those unproven
factors in the methodology and on the contrary enables
to estimate them from clinical results.

The TCP model proposed by Webb and Nahum has
been used for the analysis of the clinical results. The
remarkable point of the model is that it takes the
variation in radiosensitivity among patients into
account, and was proven to be effective through the
analysis of NSCLC. This year, the analysis was
extended to the following sites : skull-base chordoma,
bone and soft tissue sarcoma and rectum cancers. Local
control probability of these tumours under 16 fractions
was analyzed with the model. a term in the LQ model,
which denotes the radiosensitivity at smaller dose
level, was derived from the analysis for each site. It
was revealed that the rectum cancer shows similar
radiosensitivity with the NSCLC. These sensitivities
are also close to that of HSG, cultured cell line
originated from human salivary gland tumor, which
provides a standard response to carbon ions in the HIMAC
RBE model. On the other hand, the rest sites showed
slightly higher radiosensitivity than that of the HSG. It
suggests room for further decreasing unwanted dose
exposure to healthy normal tissues surrounding a
tumour by optimizing dose distribution depending on its
own radiosensitivity. The other interesting finding
is that the bone and soft tissue sarcoma tends to be
controlled by less dose than the NSCLC is while the
sarcoma is in general considered to be radioresistant
against conventional X-rays. Difference in the mechanism
of biological effect caused by radiations between carbon
and X-rays may play a role for this apparent contradiction.

Next to the NSCLC, clinical trials on liver metastasis

from colorectal cancer have been preceded into a single
irradiation. Based on the success of the retrospective
TCP estimation in the case of NSCLC, predictive
estimation for the case of the liver metastasis from
colorectal cancer was tried in order to determine
appropriate starting dose. Here, the TCP analysis was
performed using clinical data of the local control with
carbon ions on colorectal cancer. The single fraction
dose that corresponds to expected 96 % of TCP level
was estimated to be 35.0 GyE in the case. Together
with the clinical aspects, single irradiation was initiated
with the fraction size of 36.0 GyE.

The microdosimetric spectra for high-energy beams
of photons, proton, helium, carbon, neon, silicon
and iron ions (LET=0.5-880 keV/mm) were measured
with a spherical-walled tissue-equivalent proportional
counter at various depths in a plastic phantom. Survival
curves for human tumor cells were also obtained under
the same conditions. The survival curves were
compared with those estimated by a microdosimetric
model based on the spectra and the biological parameters
for each cell line. The estimated terms of the LQ model
with a fixed value reproduced the experimental results
for cell irradiation for ion beams with LETs of less than
450 keV/mm, except in the region near the distal peak.

1) Ishikawa H, Tsuji H, Kamada T, Hirasawa N,
Yanagi T, Mizoe JE, Akakura K、Suzuki H, Shimazaki
J, Tsujii H : Risk factor of late rectal bleeding after
carbon ion therapy for prostate cancer,

. 66 : 1084-1091,2006
2) Ishikawa H, Tsuji H, Kamada T, Yanagi T, Mizoe

JE, Kanai T, Morita S, Wakatsuki M, Shimazaki
J, Tsujii H, Working Group for Genitourinary Tumors:
Carbon ion radiation therapy for prostate cancer ;
results of a prospective phase II study,

81 (1) : 57-64,2006
3) Imai R, Kamada T, Tsuji H, Tsujii H, Tsuburai* Y,

Tatezaki* S, Cervical spine osteosarcoma treated
with carbon ion radiotherapy,
7 : 1034-1035, 2006

4) Kanai T, Matsufuji N, Miyamoto T, et al. 2006
Examination of GyE System for HIMAC Carbon
Therapy Int. J. Radiation Oncology Biol. Phys.
64： 650-656.2006

5) Kase Y, Kanai T, Matsumoto Y, et al. 2006
Microdosimetric Measurements and Estimation of
Human Cell Survival for Heavy-Ion Beams. Radiation
Res. 166 : 629-38.2006
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3.2. Research on the Next-generation Irradiation System

Dr. Noda received his B. S. degree from the Department of Nuclear Engineering,
Kyushu University in 1979. After completing the M. S. program there in 1981,
he worked for development of a PET cyclotron from 1981 to 1989, and he also
studied accelerator physics from 1985 to 1989 in the Institute for Nuclear
Study, University of Tokyo. In 1989, he joined the HIMAC project at NIRS, a
nd he was engaged in construction and development of the HIMAC synchrotron.
He received his Ph. D . in 1992 from Kyushu University for the study of energy-loss
cooling. Currently he is Head of Accelerator Development Section, and he holds
the additional post of Director of the Medical Physics Research Group.

: noda_k@nirs. go. jp
Koji Noda, Ph. D., Director
Medical Physics Research Group

A design study and R&D work on a new treatment
facility with HIMAC has just been initiated, in order to
further development of carbon-ion therapy. This
facility, which will be connected with the HIMAC
synchrotron, will consist of three treatment rooms :
two rooms equipped with horizontal and vertical
beam-delivery systems and another with a rotating
gantry. Both the fixed beam-delivery and rotating
gantry systems employ a 3D beam-scanning method
with the gated irradiation for a moving target as well as
with the irradiation for a fixed target. The treatment in
the new facility can increase its accuracy considerably
and will bring an adaptive treatment.

The new treatment facility will be connected with the
HIMAC accelerator complex and has three treatment
rooms. Two of them are equipped with both horizontal
and vertical beam-delivery systems and the other is
equipped with a rotating gantry. A schematic view of
the new facility with HIMAC is shown in Fig. 1. One
of the greatest challenges in this project is to realize
treatment of a moving target by 3D scanning irradiation.
In particle therapy, 3D irradiation with pencil beam
scanning, which can realize a high irradiation accuracy
even in the case of an irregularly shaped target, has
been developed and already utilized for treatment at
PSI (Paul Scherrer Institute) and GSI (Gesellschaft
fur Schwerionenforschung mbH). However, pencil
beam scanning is more sensitive to organ motions
compared with the conventional broad-beam irradiation.
Although the online motion compensation method and
the rescanning method have been developed to address
this problem in pencil beam scanning, these methods
have not yet been employed for practical use. In 3D
pencil beam scanning irradiation, the interplay effect
between the scanning motion and the target motion

brings about hot and/or cold spots in the target volume
even in the gated irradiation, because the size of the
distal and lateral dose profiles of the pencil beam is
comparable to the residual motion range. Therefore,
we decided to employ a combination of the rescanning
technique and the gated irradiation method to avoid
producing hot/cold spots. In order to realize a relatively
large number of rescannings within an acceptable
irradiation time, we carried out our design study in two
steps : 1) conceptual design of a fast scanning system,
and 2) simulation of moving target irradiation
with rescanning and gating. The fast scanning strategy
was studied with respect to the scanning method, the
scanning magnets and their control. Based on the
uniform time structure of beam from the HIMAC
synchrotron, we developed a novel optimization
technique for fast scanning to cut the irradiation time,
in which the exposure during transition of each spot is
taken into account. We performed simulation studies
of irradiation of a moving target combined with rescanning
and the gated irradiation method. We found that the
phase-controlled rescanning (PCR) method gave a
feasible solution in which the dynamic beam intensity
control technique plays an important role to adequately
control the phase correlation under a relatively small
number of rescannings. In the PCR method, it is
necessary to adjust the irradiation time for each depth
slice to be within 1-2 seconds of the respiration gate
width. Consequently, we obtained a feasible solution
for moving target irradiation by our raster scanning
method with rescanning and gating functions.

In order to prove our strategy of the fast scanning
described above, the beam test of the raster scanning
irradiation cooperating with the extended flattop of the
HIMAC synchrotron was carried out by using the HIMAC
spot scanning test port. The irradiation control system
was slightly modified so as to be capable of the raster
scanning irradiation instead of the spot scanning
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irradiation. In the present stage, we employed the meas
ured dose response of the pencil beam with an energy
of 350 MeV/u, which corresponded to a 220-mm 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
1 , respectively. The validity of the beam model
and the optimization calculation had been verified
experimentally. In the experiment, the spherical target
of 40 mm diameter was irradiated to generate uniform
physical dose field. The total irradiation time was
decreased to 20 s due to extended flattop compared
with the fixed cycle operation of 40 s. A cross monitor,
consisting of 128 small ionization chambers, was
employed to measure the dose distribution in the water.
The measured dose distribution was compared with the
calculated one, as shown in Fig. 2. The measured dose
distributions were in good agreement with the
calculation result at different penetration depth.
Furthermore, it should be noted that there was no
difference of the field quality i. e. the homogeneity and
absolute dose at the center of the field.

On the other hand, we have carried out a design study
of a rotating gantry system with 3D pencil beam
scanning as steps toward the construction of a new
treatment facility at HIMAC. Maximum energy and
field size were set to be 400 MeV/u and 150mm square,
respectively. Final 90 degrees bending magnet is
divided into two bending magnets of 60 and 30 degrees
to install the scanning magnets between them.
Although 30 degrees magnet has relatively larger
aperture, total weight of the gantry system was
suppressed to be around 350 tons. Furthermore, the
phase-space asymmetry compensation method will be
employed by using a thin scatterer foil in the beam line.
This technique makes it possible that the beam sizes
and distributions in both planes do not depend on the
rotating angle of the gantry owing to the symmetric
condition.

Fig. 1. : Schematic view of HIMAC and new treatment
facility

Fig. 2. : Comparison between measured (open circle)
and calculated (line) dose distribution.

1. K. Noda et al., "New accelerator facility for carbon-ion
cancer-therapy", J. Radiat. Res., 48, 43-54 (2007).

2. T. Furukawa, T. Inaniwa, S. Sato, T. Tomitani,
T. Minohara, K. Noda, T. Kanai, "Design study
of a raster scanning system for moving target
irradiation in heavy-ion radiotherapy" , Med. Phys.
34, 1085-1097.

3. S. Sato, T. Furukawa, and K. Noda, "Dynamic
intensity control system with RF-knockout slow-
extraction in the HIMAC synchrotron", Nucl.
Instrum. Methods Phys. Res. A 574, 226-231 (2007).

4. T. Inaniwa, T. Furukawa, T. Tomitani, S. Sato,
K. Noda, and T. Kana i, "Optimization for
fast-scanning irradiation in particle therapy" , Med.
Phys., 34 (8) 3302-3311

5. Y. Iwata, S. Yamada, T. Murakami, T. Fujimoto,
T. Fujisawa, H. Ogawa, N. Miyahara, K.
Yamamoto, S. Hojo, Y. Sakamoto, "Performance
of a compact injector for heavy-ion medical accelera-
tors", Nucl. Instrum. Methods Phys. Res. A 572,
1007-1021 (2007).
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3.3. Standardization and Improvement of Therapeutic and Diagnostic Techniques

Dr. Kamada received a Ph. D. from Hokkaido University in 1996 for his study
on radiotherapy of bile duct cancer. He has had 27 years of experience in clinical
reseach on radiation oncology, including 12 years experience in carbon ion
radiotherapy at NIRS. Since 2006, he has been Group Leader of the Diagnosis and
Treatment Advancement Research Group for standardization and improvement of
therapeutic and diagnostic techniques.

: t_kamada@nirs. go. jp
Tadashi Kamada, M. D. Ph. D.
Head, Clinical Oncology

＊Development of software to create integrated clinical
images, determine early therapeutic effects and
analyze prognostic factors using a combination of
multiple diagnostic imaging techniques.

＊Improvement of treatment plans by using integrated
images obtained from advanced dynamic imaging
devices such as 4-dimensional CT.

＊Research and development on indicators of quality
standards and methods for quality control and
assurance of particle beam and photon beam therapies
and of diagnosis using radiation.

＊Advancement and standardization of therapeutic and
diagnostic methods based on investigation of medical
radiation exposure in Japan.

The Diagnosis and Treatment Advancement Research
Group for standardization and improvement of
therapeutic and diagnostic techniques consists of the
image diagnosis research team, image processing
research team, quality control research team and
radiological protection research team, and performs
research into the advancement and standardization of
radiation therapy and diagnostic methods. Progress of
research in each team is summarized.

1) Image diagnosis research team
We studied fundamentals of application of new PET

tracers for clinical diagnosis. The main targets of our
interests were imaging of cell/tissue metabolic
indicators leading to treatment effects. We started tumor
hypoxic imaging using Cu-62-ATSM. We assessed the
tracer distribution and pharmacokinetic analysis in
normal human volunteer in preparation for later
applying the tracer to heavy ion radiotherapy patients.
Activity of blood decreased relatively rapidly and

reached to low level at about 10 minutes after injection.
Liver and Urinary system showed very intense activity
in Cu-62-ATSM whole body image. Liver activity
reached middle or high level about 3 minutes after
injection and continued to increase gradually.

We were also planning to perform F-18 FNa PET
imaging for precise detection and diagnose of bone
metastasis. F-18-Fluoride has higher bone uptake
and faster blood clearance, resulting in a better
target-to-background ratio. F-18-Fluoride PET has
been shown to be more accurate than Tc-99m-methylene
diphosphonate (MDP) bone scintigraphy for the
detection of both sclerotic and lytic lesions in various
malignancies and was suggested as an alternative to
bone scintigraphy, mainly in patients at high risk for
metastatic bone disease but also in patients for whom
the detection of metastatic bone disease and its extent
is important in selection of treatment, especially for
eligibility decision of carbon ion radiotherapy. A working
group, we are one of members, for F-18-Fluoride ion
PET study was formed in The Japanese Society of
Nuclear Medicine and begun its activity in this year.

A method for HIMAC radiotherapy planning using
C-11-methionine PET and MRI/CT fusion image was
developed in cooperation with head and neck oncologist
group of our hospital for brain and head and neck cancer
patients. Malignant gliomas are the most common
primary brain tumors in adults. CT and MRI are the
standard diagnosis methods and treatment planning of
malignant gliomas. PET enables observation of the
biological pathways of tumors, giving additional
information about metabolism, physiology and molecular
biology of tumor tissue. One of the most important
tracers for diagnosis of gliomas is C-11-methionine.
The image fusions between PET and planning CT
(PET/CT) were performed manually with a treatment
planning system, Pinnacle. Target delineation in
PET/CT fusion was used for practical carbon ion
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radiotherapy.
F-18-FLT PET imaging for carbon ion radiotherapy

patients was started in cooperation with Diagnostic
Imaging Group of Molecular Imaging Center. F-18-FLT
is a thymidine derivative that can image tumor cell
proliferation. It is considered a good candidate for a
marker of therapeutic response. We started to apply
this tracer for assessment of carbon ion radiotherapy
effect for patients with lung cancer. Comparative
discussion of F-18-FLT with C-11-methionine will be
made.

A new PET/CT was introduced in our department
this year. We have set the environment for clinical
study, and we checked its performance according to
NEMA NU-2001.

2) Image processing research team
Clinical experience with charged particle beam

treatment at several institutions has demonstrated
superior dose conformation in comparison to photon
beam therapy.

Organs in the thorax and abdomen may move
significantly during respiration, complicating treatment
in these locations. Voluntary or forced breath-hold
techniques have been proposed to reduce or eliminate
the effects of breathing during both imaging and
radiotherapy treatment, but these approaches prolong
treatment and in many cases, are poorly tolerated by
patients. Respiratory motion during treatment results
in uncertainties, especially, when irradiating with heavy
charged particle beams. During respiration, the
radiological pathlength can vary as a function of time,
as organs move in and out of a given ray, or as the
density of voxels along the path change. There is a need
to appreciate these temporal variations in the planning
process. We quantif ied range variations due to
intrafractional motions (respiratory and heart beat) and
interfractional changes (tumor shrinkage, chest wall
thickness, density changes etc.) using single/serial
4DCT lung data.

3) Quality control research team
As for hadron therapy, the team studied both ab

solute and relative dosimetry. Graphite calorimeter was
developed for absolute dosimetry, since the uncertainty
of dosimetry with ionization chamber was relatively
large due to the uncertainty of w-value for hadron
beams. The calorimeter showed experimentally good
linearity of response as a function of absorbed dose with
uncertainty less than 1%. Regarding relative dosimetry
new multi-layer ionization chamber (MLIC) was
developed for daily depth-dose measurement. Tissue
equivalent materials were adopted for the new MLIC to
improve the effect of nuclear fragmentation. Depth-dose
curve measured by the new MLIC showed good

agreement with the depth dose distribution in water.
New calculation method was also developed for evaluation
of output factor for small field size. The calculation was
based on empirical formula taken from HIMAC
experiment and showed good agreement with
measurements within ±1 % down to 20mm square
field. These achievements were applicable to QC and
QA for hadron therapy.

As for photon therapy, new treatment planning
systems, XiO and Pinnacle, were introduced to NIRS
hospital. Before the systems were used clinically, the
team had carried out comprehensive commissioning,
which based on international standards such as IAEA,
AAPM and ESTRO guidelines. The team were also
conducting periodic QA system after the commissioning.
NIRS is the Secondary Standard Dosimetry Laboratory
(SSDL) in radiation therapy. To establish nation-wide
external audit system for dosimetry in photon therapy,
the team carried out pilot study in which postal glass
dosimeters were sent to approximately 100 radiation
therapy centers in Japan. Each center was requested
to irradiate 1 Gy to the postal dosimeter in the standard
condition defined the dosimetry protocol. The dose
irradiated to postal glass dosimeter was estimated
using the calibration coefficient of the dosimeter, which
was determined at SSDL. The pilot study showed 1.6
% standard deviation of dose among 100 centers. The
maximum deviation exceeded 5 % for a center. The
team tried to improve the deviation by consultation
with a personnel of the center. Finally, every center
satisfied 5 % level criteria. Comparative study was also
done between the glass dosimeter and TLD which had
been used as postal dosimeter. The results showed that
glass dosimeters were appropriate for the postal dose
audit with their promising features. The team also
preformed similar study to Asian countries, China and
Korea. The results of two facilities for each country
showed good agreements within 2 %.

4) Radiological protection research team
As dose estimations in FY2006, patients' doses of

X-ray CT examinations were estimated by the
measurements using physical anthropomorphic
phantoms of adult and child with Thermoluminescence
dosimeters (TLDs) encapsulated in glass for several
X-ray CT apparatuses and their conditions of diagnoses
in hospitals. Each organ dose was directly measured by
dosimeters put in the organ position inside the
phantoms, and effective doses were calculated by
multiplying radiation and tissue weighting factors of
ICRP Publication 60. There were differences of
estimated doses among X-ray CT apparatuses and
conditions. Patients' doses of developing 256-slice CT
scanner examinations were also measured and
reported.
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Since the heavy ion radiation therapies performing in
NIRS etc. are state-of-the-art technologies in radiology,
any regulatory system of their specific radiation protection
for occupational exposures has not been established in
Japan. For considering the propriety to apply current
regulatory system for the therapies, occupational
exposures of radiation workers in domestic heavy ion
radiation therapy institutions were estimated by the
measurements of exposures radiated from activated
materials of accelerators and phantoms as alternatives
of patients in cooperation with researchers of other
institutions. The results show that no specific
regulation except current one is needed considering the
measured data.

As internal dose calculations, dose estimations of
patients on nuclear medicine include a lot of uncertainties
caused by the parameters and calculation models
themselves. Using a voxel phantom and Monte-Carlo
simulation method, the uncertainties were evaluated
in some injection cases of radiopharmaceuticals. The
distributions of doses varied depending on the
conditions of the injections and patients.

The surveys of medical radiation usage have long
been continuously performed in our section of NIRS. In
FY2006, X-ray CT examinations were selected as the
survey subject, and a nationwide survey on X-ray CT
diagnoses was done sending questionnaires to hospitals
and clinics possessing X-ray CT. The kinds of diagnoses,
frequencies, exposure positions of patients, setting
parameters of apparatuses, patients' data such as age,
sex etc. were inquired in the questionnaires, and the
analyses of the data of returned questionnaires are in
progress.

The results of the previous survey on annual
examination data of nuclear medicine in 1997 were
reported. The total number of examinations on nuclear
medicine was 1.56 million, and collective effective dose
was estimated as approximately 3.33x104 man Sv based
on ICRP Publ. 53 and 80. The analyses of recent survey
data on nuclear medicine are in progress.

1) S. Mori, K. Nishizawa, M. Ohno, M. Endo.
Conversion factor for CT dosimetry to assess patient
dose using a 256-slice CT scanner,

888-892, 2006.
2) M. Matsumoto, K. Nishizawa, K. Iwai, K.

Akahane, T. Maruyama. Nationwide survey of
nuclear medicine practice and estimation of collective
effective dose in Japan,
75-82, 2006.

3) S. Mori, M. Endo, S. Kandatsu et al, 'A combination-
weighted Feldkamp-based reconstruction algorithm for
cone-beam CT', 3953-3965
(2006)

4) Y. Kusano, T. Kanai, Y. Kase, N. Matsufuji,
M. Komori, N. Kanematsu, A. Ito and H. Uchida,
Dose contributions from large-angle scattered partic-
les in therapeutic carbon beams,

, 193-198, 2007
5) Y. Kutsutani-Nakamura, S. Sakata, K. Tabushi,

H. Mizuno, T. Ishii, Mohd Moktar bin Nudin, N.
Xuan Cu, L. Dong Han, Rafael Cabrigas Solis, Y.
Naiguo, L. Apipunyasopon, Chumpot Kakanaporn,
K. Hozumi, T. Teranaka, H. Tsujii, Field survey
of Physical QA/QC for intracavitary brachytherapy
of the uterine cervical cancer in 7 countries of East
Asia, , Sup. 3, 173-174, 2006
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3.4. RadGenomics Project for Radiotherapy

Dr. Imai received a Ph. D. from the University of Tsukuba in 1986. Following
a fellowship from the Japan Society for the Promotion of Science for Japanese Junior
Scientists at the Institute of Applied Biochemistry, University of Tsukuba, he
joined the Tsukuba Life Science Center, Institute of Physical and Chemical
Research (RIKEN). From 1988 to 1989, he worked in the Department of Genetics,
Washington University Medical School (St. Louis, Missouri, USA) as a visiting
research associate. Here Professor Maynard Olson sparked his interest in the
human genome project. After joining The Cancer Institute, (Japanese Foundation
for Cancer Research) in 1991, Dr. Imai worked on cancer and population genomics.
He moved to NIRS in 1994. From 2001 to 2006, he worked as the project

leader of the RadGenomics Project. Since 2006 he has been the director of the
RadGenomics Research Group.

: imait@nirs. go. jp

Takashi Imai, Ph. D.
Director

Cancer patients vary considerably in normal tissue
reactions after radiotherapy. Several observations have
indicated that certain genetic factors play important
roles in this variability. It has been hypothesized that
the clinical radiosensitivity of normal tissues should be
regarded as a so-called complex trait dependent on the
cumulative effect of many minor genetic determinants.
Thus single nucleotide polymorphisms (SNPs) on
certain genes may somehow associate with the severity
of normal tissue reactions after radiotherapy. It is
important to uncover a molecular basis underlying
radiation sensitivity of normal tissues for further
investigation of the more complex character of cancer
cells. In this study we have searched for polymorphisms
that are associated with normal tissue radiation
sensitivity of various cancer patients. We believe the
results will open a way for achieving individual-oriented
radiotherapy with high-therapeutic ratio.

The outcome of this research will allow us to identify
any correlations between an individual DNA sequence
and radiation susceptibility (treatment efficiency and
adverse effects). If a correlation is found, the DNA
sequence in blood cells will enable the prediction of an
individual's radiation susceptibility. Therefore, it will
be possible to provide information to determine
treatment protocols, such as the irradiation method and
the avoidance of adverse effects, leading to personalized
radiotherapy. The project will also contribute to future
research on the molecular mechanisms of radiation
sensitivity in humans.

Patients
The 2,090 patients who were registered between

2001 and 2007 included 703 breast cancer patients, 272
cervical cancer patients, 461 prostate cancer patients,

and 278 head and neck cancer patients. Normal tissue
reactions until the 3rd month after completion of the
treatment were graded according to the National Cancer
Institute-Common Toxicity Criteria (NCI/CTC). Late
effects on normal tissues were graded according to the
Radiation Therapy Oncology Group/ the European
Organization for Research and Treatment of Cancer
(RTOG/EORTC) scoring system and the Late Effects
of Normal Tissues-Subjective, Objective, Management
and Analytic (LENT-SOMA) scoring system. Patients
were divided into two groups (radiosensitive and
radioresistant) according to the grades determined by
the above scoring systems.

On-chip optical detection system for allele-specific
extension of 3'-LNA modified oligonucleotides

SNPs are useful as genetic association markers
for various human diseases as well as for prediction of
individual responses to therapeutic treatment such as
drugs and ionizing radiation. For routine molecular
biology research and bedside clinical diagnosis, readily
available technologies are required to genotype limited
numbers of SNPs that were selected in previous large
scale association studies. To this end, easy and rapid
protocols with inexpensive instruments running at
reasonable cost are required for the technology to be
widely adopted.

In the present work, a novel optical detection system
for on-chip allele-specific primer extension has been
developed to conveniently genotype multiple SNPs.
Optimization of the procedure was achieved by i) locked
nucleic acid (LNA) modification of the 3'-end of
immobilized oligonucleotide primer, ii) titration of
magnesium concentration of the reaction mixture iii)
utilization of optimum reaction temperature. Efficient
primer extension without an annealing step using
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double-stranded template DNAs was demonstrated for
LNA-modified oligonucleotides immobilized on an
S-Bio PrimeSurface plastic base. This property
provided simplification of experimental procedures and
reduction of reaction time to as short as 10 minutes
at a constant temperature of 65°C. Incorporation of
biotin-dUTP during primer extension, followed by
binding of alkaline phosphatase-conjugated streptavidin,
allowed optical detection of the typing results through
precipitation of colored alkaline phosphatase substrate
onto the surface of the plastic base. Oligonucleotide
primer sets were designed to genotype three SNPs in
the genes APEX1, TGFB1 and SOD2, previously
investigated for association with radiation sensitivity.
The simultaneous evaluation of these SNPs in 25
individuals has produced considerably reliable results.

The experimental system developed in this study is
not oriented towards high throughput analysis. Rather,
limited numbers of SNPs are easily analyzed within a
couple of hours. Dividing the surface of the plastic base
into multiple areas can increase the number of individuals
analyzed per chip without affecting experimental
processes. In conclusion, all the benefits described
above make this system applicable to routine molecular
biology research and bedside clinical diagnosis.

Microarray analysis of the transcriptional response to
carbon ion irradiation in murine tumors

The purpose of this study was to identify molecular
mechanism induced by carbon ion radiotherapy in order
to provide information on potential targets for
prediction of its effectiveness. Murine squamous cell
carcinomas, NR-S1 (resistant to gamma-irradiation),
and SCCVII (sensitive), were transplanted in hind legs
of C3H/He male mice and established solid tumors
(7.5-8.5 mm in diameter) were locally irradiated with
carbon ion beamat 30 Gy. Carbon-12 ions were accelerated
by the Heavy Ion Medical Accelerator in Chiba or HIMAC
synchrotron up to 290 MeV/u with a dose rate of
approximately 3 Gy /min. Tumor growth delay (TGD)
time, reduction rate of tumor, and recurrence rate of
tumor were investigated as parameters of radiosensitivity
of tumors. The mice were sacrificed and immediately
dissected before irradiation and after different time
points, such as 6, 12, 18h, 1, 3, 5, 7, 10, 15,
20 days after irradiation or recurrence for transcriptome
assays and pathological investigation. Expression
analyses were performed using single-color analysis
microarrays consisting of 55k genes. Principal
Compornent Analysis (PCA) was used to investigate
similarity of comprehensive overview of the changes in
gene expression between expression profiles of two
tumors. Analysis of variance (ANOVA) was applied
to the intensity of each tumor at different time point to
evaluate significant differences.

Results : TGD time of NR-S1 and SCCVII was 30 days
and 56 days, reduction rate of NR-S1 and SCCVII was
40% and 100%, and recurrence rate of NR-S1 and
SCCVII was 75% and 50%, respectively. PCA showed
that all expression profiles of NR-S1 were identified as
a group, while those of SCCVII were identified as
another group. Recurred tumors showed different
profiles from non-irradiation control tumors. We detected
genes, whose expressions were significantly up-regulated
or down regulated at each time point after carbon-
irradiation (p value< 0.0001). At 6 hours after irradiation,
fourteen genes, which were related with cell cycle
regulation, were differentially expressed in both
tumors. Eleven genes, which were related with
inflammation or extracellular matrix, were up-regulated
at 6 hours in both tumors, however, their expression
changes on time-course were different. Pathological
specimen showed duplet cells in both tumors 1 day after
irradiation and continuous infiltration of inflammatory
cells in SCCVII.

Conclusions : Tumor growth assays revealed that two
murine tumors, which have different radiosensitivity
to gamma irradiation, kept their intrinsic radiosensitivity
to carbon-ion irradiation. Transcriptional profiling of
two tumors identified a number of carbon-ion irradiation
response genes in murine tumors. We have also
identified genes as being candidates for predictive
markers of radiosensitivity to carbon-ion therapy.

Correlation between single nucleotide
polymorphisms and jejunal crypt cell apoptosis
after whole body irradiation

To identify loci concerned with radiosensitivity in a
mouse model using SNP markers. We subjected
276 second filial generation (F2) mice descended
from twoinbred mouse strains, radiation-inducedapoptosis
sensitive C57BL/6JNrs (B6) and radiation-induced
apoptosis resistant C3H/HeNrs (C3H), to 2.5 Gy
whole-body irradiation. We quantified jejunal crypt
apoptosis, performed a genome-wide survey, and
identified quantitative trait loci (QTL) associated with
radiation sensitivity. We expressed apoptosis levels
as an apoptotic score (AS), which was equal to the
number of apoptotic bodies divided by the number of
crypts. We genotyped the mice for 109 SNP markers.
AS values were 97.7+/-32.9 in B6 mice and 49.0+/-24.9
in C3H mice (p < 0.01). Genome-wide analysis
revealed 8 markers (2 on chromosome 9, 4 on 15, 1
on 17, and 1 on 18) affecting radiation-induced jejunal
apoptosis with log odds (LOD) scores ranging from
2.11+/-3.91. We found a significant locus on chromosome
15, which was previously reported by Weil and colleagues.
These findings support the view that the radiosensitivity
of clinically normal tissue depends on variations in several
genes.
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Human RAD18 is involved in S phase-specific
single-strand break repair without PCNA
monoubiquitination

Switching from a replicative to a translesion polymer-
ase is an important step to further continue on replica-
tion at the site of DNA lesion. Recently, RAD18 (a
ubiquitin ligase) was shown to monoubiquitinate
proliferating cell nuclear antigen (PCNA) in cooperation
with RAD6 (a ubiquitin-conjugating enzyme) at the
replication-stalled sites, causing the polymerase
switch. Analyzing RAD18-knockout (RAD18-/-) cells
generated from human HCT116 cells, in addition to the
polymerase switch, we found a new function of RAD18
for S phase-specific DNA single-strand break repair
(SSBR). Unlike the case with polymerase switching,
PCNA monoubiquitination was not necessary for the
SSBR. When compared with wild-type HCT116 cells,
RAD18-/- cells, defective in the repair of X-ray-induced
chromosomal aberrations, were signif icantly
hypersensitive to X-ray-irradiation and also to the
topoisomerase I inhibitor camptothecin (CPT) capable
of inducing single-strand breaks but were not so
sensitive to the topoisomerase II inhibitor etoposide
capable of inducing double-strand breaks. However,
such hypersensitivity to CPT observed with RAD18-/-
cells was limited to only the S phase due to the absence
of the RAD18 S phase-specific function. Furthermore,
the defective SSBR observed in S phase of RAD18-/-
cells was also demonstrated by alkaline comet assay.

1. Y. Michikawa, K. Fujimoto, K. Kinoshita, S .
Kawai, K. Sugahara, T. Suga, Y. Ootsuka, K.
Fujiwara, M. I w a k a w a , T. I m a i : R e l i a b l e
a n d Fa s t Allele-Specific Extension of 3'-LNA
Modified Oligonucleotides Covalently Immobilized
on a Plastic Base, Combined with Biotin-dUTP
Mediated Optical Detection, 1537-1545,
2006

2. F. Wang, Y. Saito, T. Shiomi, S. Yamada, T. Ono,
H. Ikehata : Mutation spectrum in UVB-exposed
skin epidermis of a mildly-affected Xpg-deficient
mouse, , 107-116, 2006

3. S. Nakajima, M. Mori, T. Shiomi, A. Yasui, et. al:
Replication-dependent and -independent responses
of RAD18 to DNA damage in human cells,

281, 34687-34695, 2006
4. N. Shiomi, M. Mori, H. Tsuji, T. Imai, H. Inoue,

S. Tateishi, M. Yamaizumi, T. Shiomi : Human
RAD18 is involved in S phase-specific single-strand
break repair without PCNA monoubiquitination,

e9, 2007
5. M. Iwata, M. Iwakawa, S. Noda, T. Ohta, Y.

Minfu, T. Kimura, H. Shibuya, T. Imai: Correlation

between single-nucleotide polymorphisms and
jejunal crypt cell apoptosis after whole body
irradiation, : 181-186, 2007
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3.5. Biological Research Concerning the Improvement of Radiation Therapy

Dr. Okayasu received his Ph. D. in radiation biology from Colorado State
University, USA in 1987 and worked as a post-doctoral fellow at Thomas Jefferson
University, Philadelphia and MD Anderson Cancer Center, Houston. Then he
took a position at Columbia University as an associate research scientist and moved
to the University of Texas Medical Branch at Galveston in 1995 as an Assistant
Professor and then onto Colorado State University. In 2002, he moved back to
Japan to become a team leader at International Space Radiation Laboratory (ISRL),
NIRS and in 2005 he was appointed as Director of ISRL. In 2006, he changed his
section to Research Center for Charged Particle Therapy and became Director of
Heavy-Ion Radiobiology Research Group.

: rokayasu@nirs. go. jp

Ryuichi Okayasu, Ph. D.
Director

There are three mid-term plans for this group. These
are 1) To provide biological experimental data for
analyzing clinical data with regard to tumor control ratio
and normal tissue responses for various radiation
therapy protocols, 2) To estimate the risk and benefit
ratio between tumor cell killing and normal tissue
sparing by theoretical calculations based on patients'
dose distribution as well as experimental data on cell
and animal studies. To propose more efficient radiation
therapy regimen by comparing heavy ion radiotherapy
and other radio-therapy protocols such as use of X-rays,
and 3a) To explore radio-sensitizers and protectors
which could be used with heavy ion radiotherapy, 3b)
To elucidate the mechanism of effective heavy ion
treatment for hypoxic tumor cells which show strong
resistance to radiation, 3c) To study the indirect
(bystander) effects of radiation which occur in non-
irradiated cells adjacent to irradiated cells, 3d) To
integrate the above proposals to improve radiation
therapy and accumulate the biological data resources
for a new cancer therapy. These objectives are studied
by four teams including 1) Biophysics Team, 2)
Experimental Therapy Team, 3) Cellular and Molecular
Biology Team and 4) Radiation Modifier Team. Each
team has different objectives, however, co-operations
among four teams are sought in order to accomplish the
goals of this group.

Concerning the modification of RBE values, we found
that the repair efficiencies with and without existence
of oxygen are different in DNA double strand breaks
(DSB) induced by X-rays or carbon ions. These data
indicate that there are indirect effects of radiation
damage even in cells irradiated with high-LET

radiation. The RBE spectra for chromosome aberrations
and remaining DNA damage after repair process are not
only LET dependent but also dependent on the kinds of
accelerated ions. The RBE of cell killing at very high-dose
region that could not be estimated by calculation was
obtained experimentally. We investigated the
radiosensitivity and the remaining number of chromatin
breaks using cells derived from a cervical cancer
patient. These studies eventually lead to the undertaking
of carbon therapy for a patient with osteosarcoma and
genomic instability. This is a good example of application
of radiation biology for tumor treatment. Experiments
on bystander effects with micro beams were started at
TIARA/JAERI, PF/KEK, and Spring-8/JASRI.
We found bystander effects in normal human cells
irradiated with low energy carbon ions. These effects
seem to depend on the number of particles of
accelerated ions . Exper iments concerning the
inter-comparison of RBE among domestic and/or
international ion-beam radiotherapy facilities were
completed.

The mouse legs were locally irradiated once with
carbon ions with various LET values, and the effect of
LET on tumor incidence was studied. Life time
observations indicated that there was no difference in
the induction of tumors between gamma-ray and carbon
irradiated mice. Our data also demonstarted the higher
tumor inductions with the higher radiation doses.
Furthermore, to our surprise, the tumor induction
with 15 KeV/ m carbon irradiation is lower than that
with gamma-irradiation.

New studies on tumor heterogeneity were started
using the mixture of two tumor types with varying
radio-sensitivity. These mixed tumors were implanted
on the leg of mice and the tumor sensitivities were
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compared with those of mice implanted with one tumor
type. Among three mixed tumor groups, one showed
a different sensitivity when compared to the control
with single tumor type. These studies indicate the im-
portance of tumor heterogeneity and warrant further
studies.

Biological differences between X-ray and heavy ion
particle (C, Fe, Ne) irradiation were investigated
using some quantitative assays (H2AX and PCC),
focusing on the molecular mechanism in the early
responses of DNA damage at the therapeutic level
radiation doses. Comprehensive gene expression
techniques were employed to several human cell lines
which were irradiated with X-rays and carbon ion
particles at the doses of therapeutic relevance. Both
DNA microarrays and HiCEP, a novel gene expression
profiling technique developed in our institute, successfully
demonstrated some characteristic feature of the
molecular signatures to those different types of ionizing
radiation (IR).

One of the potent radio-sensitizers, 17-AAG was
intensively studied in our laboratory. We demonstrated
that 17-AAG could enhance the radio-sensitivity in
some cancer cell lines irradiated with X-rays as well as
carbon ions. In this fiscal year, we obtained significant
evidence that 17-AAG inhibits the repair of DNA DSBs,
especially homologous recombination repair, induced
by IR. Yeast extract is a potential radio-protector whose
effect was ever shown in vivo (mice). In order to find
out the cellular and molecular mechanism for this
protective effect, in vitro study has just started in our
lab using cell lines treated with the yeast extract. We
also studied the function of specific DNA DSB repair
proteins using RNA interference strategy. For example,
BRCA siRNA was found to enhance the radiation
sensitivity in HeLa cells by inhibiting repair of DSBs.

The radiation modifier team has studied three
subjects and obtained following results.
1) In order to develop better compounds for free radical
scavenging, several novel compounds of vitamin E analog,
containing (-chromane ring structure as well as basic
pyridine moiety, were synthesized. By the kinetic
study of their free radical scavenging reaction,
we found that one of these compounds has a scavenging
rate constant three times larger than that of natural
vitamin E.
2) For the study of radioprotector, two vitamin E
analogs were examined. Both tocopherol monoglucoside
(TMG) and -tocopheryl-N, N-dimethylglycine ( -
TDMG) showed significant in vivo radioprotection
activity against the lethal dose of whole body X-irradiation

(7.0-7.5 Gy). It is interesting that both compounds
showed the radiation protection effect even by
post-irradiation administration. Another compound,

-Lipoic acid, was found to be a good protector for brain.
The cognitive dysfunction of mice caused by X-irradiation
was ameliorated by the administration of -lipoic acid
before irradiation.
3) For the study of redox- and oxygen-mapping, the
resolution and signal to noise ratio of EPR imaging and
T1-weighted MRI were compared using an identical
phantom. Several solutions of nitroxyl contrast agents
with different EPR spectral shapes were tested.
T1-weighted MRI can detect nitroxyl contrast agents
with a complicated EPR spectrum easier and quicker ;
however, T1-weighted MRI has less quantitative ability
especially for lipophilic nitroxyl contrast agents,
because T1-relaxivity, i. e. accessibility to water, is
affected by the hydrophilic/hydrophobic micro-environmen
t of a nitroxyl contrast agent. The less quantitative
ability of T1-weighted MRI may not be a disadvantage
of redox imaging, which obtains reduction rate of a
nitroxyl contrast. Therefore, T1-weighted MRI has a
great advantage to examine the pharmacokinetics of
newly modified and/or designed nitroxyl contrast
agents.

1) K. Ando, S. Koike, A. Uzawa, N. Takai, T.
Fukawa, Y. Furusawa, M. Aoki, R. Hirayama :
Repair of Skin Damage During Fractionated Irradiation
with Gamma Rays and Low-LET Carbon Ions.

167-174 (2006).
2) M. Suzuki, C. Tsuruoka, T. Nakano, T. Ohno,

Y. Furusawa, R. Okayasu, The PCC assay can be
used to predict radiosensitivity in biopsy cultures
irradiated with different types of radiation.

1293-1299 (2006).
3) M. Noguchi, D. Yu, R. Hirayama, Y. Ninomiya,

E. Sekine, N. Kubota, K Ando, R. Okayasu :
Inhibition of Homologous Recombination Repair in
Irradiated Tumor Cells Pretreated with Hsp90 Inhibitor

17-Allylamino-17-demethoxy geldanamycin.
351, 658-663 (2006).

4) K. Anzai, M. Ueno, A Yoshida, M. Furuse, W.
Aung, I Nakanishi, T. Moritake, K. Takeshita, N.
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3.6 Transcriptome Research for Radiobiology

Masumi Abe, Ph. D.
Director

Long-range objectives of the 2nd 5-year project
(2007-2011)
1) Establishing a high throughput system of HiCEP

analysis for dealing with a large number of samples
such as clinical samples.

2) Developing a HiCEP protocol for blood analysis.
3) Developing an assay system for genome reprogramming.
4) Functional study using gene knockout mice, in which

genes identified by transcriptome analysis were
disrupted.

For 1), we developed an automatic HiCEP reaction
machine (designated as HiCEPer), which achieves
simultaneous 96 reactions with 3 days. This enables us
to perform 10,000 reactions per year and to apply the
analysis for many applications such as diagnosis, human
molecular epidemiology and so on. In addition, we
improved the system of capillary electrophoresis, so
that 48 simultaneous runs for HiCEP analysis became
possible.

For2), our proposals for medical use of HiCEP have
been discussed by the ethical committee of our
institute. Then, that for esophageal cancer was just
authorized and the other for blood use is under
consideration.

For3), genome reprogramming occurs some particu-
lar situations such as when the oocyte nucleus was re-
placed by the nucleus of differentiated cell, or when
differentiated cells were fused with stem cells such as
ES cells. In both cases, the genome status underlying
the differentiated cell converts to that underlying
undifferentiated cells, which have a pluripotency.

In order to establish an assay system for genome
reprogramming, we attempted to prepare a differentiated
cell line in which reporter gene is existed just
downstream of stem-cell specific promoter. The

reporter will express only when their genome was
reprogrammed by certain stimulus such as gene
transfection. More details, we generated lacZ-knockin
ES cells by means of the homologous recombination
technique, in which reportergeneiscontrolledbystem-cell
specific promoter that was identified by us. With
this ES cells, we generated a knockin mice, from
which we generated fibroblast cell lines. Thus, this
system allows us to assess candidate genes, because
if the fibroblast cells were reprogrammed by the
candidates, the reporter gene would be expressed.

In addition, we performed functional analyses of the
four genes utilizing their knockout mice, which were g
enerated last year. Two lines out of the four strains,
abnormal chromosome integrity, radiosensitivity,
oncogenesis and rapid aging have been suggested. One
out of the four, defects of circadian rhythm and
carcinogenesis have been also suggested. The remaining
one showed a male infertility. Detail analysis of their
testis suggested a severe defect in spermatogensis.

We have developed a new gene expression profiling
method called HiCEP (High Coverage gene Expression
Profiling), whose principle is different from that of DNA
micro-array technology. So far fundamentals of the
technology have been achieved; now, we are currently
focusing on the development of a high throughput
system for the analysis and of the protocol for the analysis
using a small amount of starting materials. This project
has been supported by Japan Science and Technology
(JST) for 5 years.
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1) Developing an automatic HiCEP reaction machine
(designated as HiCEPer)
2) Developing a procedure for the analysis using a small
amount of starting materials : 0.5-1.0 ng of total RNA
which is corresponded to 50 to 100 eukaryotic cells.

1) We have been developed an automatic HiCEP
reaction machine. This year we finally achieved the
expected performance. 96 reactions can be performed
simultaneously with 3 days by HiCEPer, enabling us to
conduct 10,000 reactions per year. A durability test
showed some problems but all of them have been
overcome.
2) Developing a procedure for the analysis using a small
number of cells :
We succeeded in HiCEP analyses using 0.5-1 ng of total
RNA. During this study, we faced a contamination of
other unknown organisms into the reaction mixture.
Especially under 100 cells analysis, this problem
became severe. Even without any RNA, we detected
the peak pattern clearly. Cloning of the peaks and
following sequencing of them disclosed that these
peaks come from microorganism like psuedemonus. We
checked all reagents in the HiCEP reaction and
replaced some reagents in which contamination was
suggested. Now, we overcome the contamination
problem ; therefore it became possible to examine the
reaction condition for the HiCEP analysis using less
than 100 cells. 100-cells HiCEP analysis allows us to
conduct transcriptome analysis following FACS sorting
or LMD (Laser Microdissection).
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