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objectIveS

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

In 2006, when the second Mid-Term Plan of NIRS 
was initiated, the Center was reorganized to conduct life 
science research on ionizing radiation, focusing on carbon 
ion radiotherapy. This long-term research will eventually 
contribute to the improvement of the quality of life of 
human beings. Research plans for the fiscal year of 2010 
included: a clinical study on carbon ion radiotherapy for 
locally advanced tumors; development and improvement of 
radiotherapeutic techniques; a design study and R&D for a 
new extension of the treatment rooms for the HIMAC; re-
search on diagnostic imaging; QA and QC for radiotherapy 
and radiation protection; radiobiological experiments for 
improvement of radiotherapy; exploration of the variability 
of radiation sensitivity by investigating  single nucleotide 
polymorphisms (SNPs); and research on  a high coverage 
gene expression profiling (HiCEP) system. 

tadashi Kamada, M.d., ph.d.
Director, Research Center for Charged Particle Therapy

outline of Research career
Dr. Tsuji received a Ph.D. from Tsukuba University in 1996 for his study on proton radiotherapy of hepatocellular carcinoma. He has had 28 years of 
Dr. Kamada received a Ph.D. from Hokkaido University in 1996 for his study on radiotherapy of bile duct cancer. He has had 30 years of experience in 
clinical research on radiation oncology, including 14 years of 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. He has been 
a Director of the Research Center for Charged Particle Therapy at NIRS since 2008.

oveRvIew
The Center is organized into six research groups for two 

major topics (A and B) and one invited research project (C) . 
The progress for each topic is summarized below.

A. Research on the use of heavy ion beams for cancer 
radiotherapy   
① Development of advanced cancer radiotherapy with 

charged particles 
This subject has been studied by the Particle Therapy 

Research Group (GL: H.Tsuji) consisting of three teams: 
Clinical Trial Research Team, Clinical Database Research 
Team, and Radiation Effect Research Team. 

According to the long-term objectives, research on 
developing advanced clinical therapy using carbon ion 
beams has been aggressively performed in FY 2010 as 
well as previous years. The Clinical Trial Research Team 
has succeeded in seeing quite a large number of patients 
this year; 691 patients, a similar number to that of last 
year, underwent carbon ion radiotherapy (C ion RT) in FY 
2010. So far, a total of 5887 patients have been enrolled in 
clinical trials of C ion RT and to date, prostate, lung, head 
and neck, bone and soft tissue, and liver tumors were the 
leading 5 tumor types in the trials. The outcomes of clinical 
trials in tumors that were hard to cure with other modalities 
revealed the quite high probability of local control, a 
survival benefit, and acceptable morbidity. In addition, 
clinical trials for establishment of hypofractionated C ion 
RT in common cancers, such as lung cancer, liver cancer, 
and prostate cancer have also been successfully achieved. 
For instance, an ultra-short course C ion RT for lung cancer 
(single fraction) and liver cancer (two fractions) have been 
realized. Additionally, advancement of hypofractionation 
has also been performed in other tumor entities. For 
instance, the fraction number in the treatment of prostate 
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cancer could be successfully decreased from 20 to 16, with 
a lower incidence of late toxicity, but with comparable 
outcomes in tumor control. The Clinical Database Re-
search Team has improved the coordination among several 
database systems (Hospital Information System, Therapy 
Plan Database, Therapy Schedule Management System, 
Radiology Information System for Radiation Therapy, 
and two PACSs). The developed information systems 
conforming to the Integrated Healthcare Enterprise 
(IHE), Enterprise User Authentication (EUA), and Patient 
Synchronized Applications (PSA) functions made it easy 
to operate multiple systems in one clinical unit. As a result, 
the developed system contributed to the improvement of 
efficiency of patient registration and resultant increase 
of the number of patients. In addition, the functions to 
analyze the data of the database system were improved 
and the basic analysis, such as Kaplan-Meier estimates of 
patient survival, became much easier to make than before. 
The Radiation Effect Research Team has aggressively 
performed experiments and analyses as well. Lineal energy 
information measured by a tissue-equivalent proportional 
counter in the therapeutic irradiation field was found useful 
for estimating biological effectiveness of the beam at a point 
by processing the information with the Microdosimetric 
Kinetic Model (MKM). This year, the method has been 
applied for the verification of actual irradiation fields and 
several subjects have been investigated, including the field 
effect, oxygen effect, and port characteristics. In addition, 
the MKM is being employed as a biological model for 
scanning carbon ion therapy that was started at the new 
treatment research facility.

② Development of a novel irradiation system for 
charged particle therapy 

This subject has been studied by the Medical Physics 
Research Group (GL: K. Noda) consisting of four teams: 
Accelerator Development Research Team, Irradiation 
System Research Team, Therapy System Research Team, 
and Compact Heavy-Ion Therapy System Research 
Team.

On the basis of more than ten years of experience with 
HIMAC, a new treatment research facility was designed 
and constructed to work toward the goal of implementing 
“adaptive cancer therapy” with heavy ions, which will 
make the one-day treatment of lung cancer possible. 
Further, the new treatment research facility should be 
able to accurately treat a fixed target, a moving target 
with breathing, and a target near a critical organ. For these 
purposes, a phase-controlled rescanning (PCR) method 
has been studied, especially 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 related 
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 equipped with both horizontal and vertical 
fixed beam-delivery systems. After a beam commissioning 
and pre-clinical study, the clinical study was scheduled 
to begin on March, 29 2011. The schedule was changed 
to May 2011, however, due to the massive earth quake on 
March 11, 2011.

③ Standardization and improvement of therapeutic and 
diagnostic techniques 

This research covers a wide range and has been 
performed by the Diagnosis and Treatment Advancement 
Research Group (GL: T. Kamada) consisting of four 
teams: Image Diagnosis Research Team, Image Processing 
Research Team, Quality Control Research Team, and 
Radiological Protection Research Team.

 The Image Diagnosis Research Team studied two PET 
tracers, 62Cu-ATSM and C-11-Methionine, for oncologic 
imaging. This year, tumor hypoxic imaging using 62Cu-
ATSM was continued and metastatic lymph node imaging 
using C-11-Methionine (MET) was also investigated. 
For Cu-62-ATSM imaging in tumor hypoxia, the team 
found that Cu-62-ATSM and FDG did not correlate to 
each other before CIRT in pancreatic cancer. The change 
of Cu-62-ATSM uptake did not necessarily correspond 
to the change of FDG uptake after CIRT. Cu-62-ATSM 
and FDG uptakes of a patient who died after CIRT were 
not the highest uptakes, but were relatively high. For 
metastatic lymph node imaging using C-11-methionine, 
the team found that MET-PET/CT was useful for diagnosis 
of neck lymph node metastasis and especially specificity 
was relatively high. There were very few instances of true 
positive metastasis in neck lymph node accumulation in the 
MET-PET/CT study from trunk cancers compared to head 
and neck cancers. But diagnostic capability for neck lymph 
node metastasis from trunk cancers was higher than from 
head and neck cancers. In primary cancer in the head and 
neck regions, the diagnostic accuracy of cervical lymph 
node metastasis with MET-PET/CT was better than the 
diagnostic accuracy reported with FDG-PET. 

The Image Processing Research Team analyzed intra-
fractional organ movement during respiration using 4D CT 
(256MSCT) for patients with liver, lung, and pancreatic 
cancers. The team evaluated intrafractional organ motion 
and dose validation for ungated and gated treatments. 
Doses to organs at risk were smaller in the gated than the 
ungated treatment, although the differences were small 
in pancreatic cancer. The findings suggested that ungated 
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pancreatic treatment may deliver a sufficient accumulated 
dose through the treatment course with minimal dose 
variation due to respiratory pattern variation, and in this 
regard is therefore preferable to gated treatment. The use 
of ungated treatment may shorten the total treatment duty 
time by a factor of three compared with gated treatment in 
pancreatic cancer. In the liver and lower lung, large organ 
motions were observed in inferior and anterior directions. 
The GTV-COM (gross tumor volume-center of mass) 
displacements due to the treatment position (supine or 
prone) were compared. The results showed a difference 
of movement in the left-right directions.

  The Radiological Protection Research Team has 
carried out dosimetry studies for hadron therapy. The 
team conducted the dosimetric commissioning for the new 
scanning beam irradiation facility working with members 
of the HIMAC accelerator group. The technical document 
for QC in the scanning beam irradiation technique has 
been prepared. These research activities are expected 
to contribute to smooth running of other radiotherapy 
facilities as well as those at NIRS. 

  The Quality Control Research Team contributes to the 
field of radiotherapy internationally in cooperation with 
organizations such as the Forum for Nuclear Cooperation in 
Asia (FNCA), IAEA, World Health Organization (WHO), 
International Organization for Standardization (ISO), and 
International Electrotechnical Commission (IEC).

B. Research on radiation effects for improvement of 
radiation therapy
① RadGenomics research concerning radiation 

sensitivity
This subject has been the focus of the RadGenomics 

Research Group (GL: T Imai) consisting of three teams: 
Genetic Information Team, Molecular Radio-oncology 
Team, and Molecular Biostatistics Team. The main 
research achievements of the group in the second 
5-year Mid-Term Plan have been the characterization of 
radioresistant tumors, the identification of genetic variants 
associated with adverse reactions after radiotherapy, and 
the development of a new antimetastatic approach for 
local combination therapy using carbon ion radiotherapy 
and immunotherapy. 

An important starting point for these studies was the 
analysis of tumor gene expression profiles. Comprehensive 
microarray techniques were used to characterize radiore-
sistant tumors by analyzing the gene expression profiles 
of sequential biopsy samples from cervical cancer patients 
during fractionated radiotherapy. The FGF2 marker 
identified by this approach was subjected to a validation 
study with newly enrolled patients and additional studies of 
FGF2 expression were also performed. The results suggest 

that FGF2 expression may be a useful marker to monitor 
the effectiveness of radiotherapy for cervical cancer, which 
would improve patient selection for molecular targeted 
therapies, such as the use of cytokine inhibitors, following 
standard-of-care treatment. 

In the genetic studies of cancer patients, the group 
showed that prostate cancer patients and cervical cancer 
patients could be stratified by their particular genetic varia-
tion with respect to their radio-sensitivity. The "area under 
curve-receiver operator characteristic" (AUC-ROC) curve 
analysis was applied to identify the effective combination 
of SNPs associated with urinary morbidity in prostate 
cancer patients. A set of five SNPs from genes including 
XRCC6 were identified to reach a maximum AUC-ROC. 

A haplotype analysis with a combination of SNPs on the 
same chromosome was performed. The focus of this study 
was to identify genetic variants associated with adverse 
reactions in the gastrointestinal tract of cervical cancer 
patients who had been treated with pelvic radiotherapy. 
The analysis identified two haplotypes associated with 
an increased risk of an adverse reaction. One haplotype 
was located between the 5’ ends of the NPAT and ATM 
genes and the second was located in the AURKA gene. 
Furthermore, a third haplotype, associated with a reduced 
risk, was identified in the AURKA gene. The risk of an 
adverse reaction was significantly higher among patients 
with both risk diplotypes than in those possessing the 
other diplotypes. Therefore, individual radio-sensitivity 
of the intestine can be determined by haplotypes in the 
NPAT-ATM and AURKA genes.

In the study using murine tumor models, the group was 
the first to show that a carbon ion beam upregulates more 
membrane-associated immunogenic molecules in tumors 
than gamma-ray irradiation does. In addition, the group 
showed that lower dose irradiation, which did not inhibit 
growth of the primary tumor, inhibited lung metastasis 
significantly. These data emphasize the importance of 
examining the antimetastatic efficacy of local combination 
therapy using carbon ion radiotherapy and immunotherapy. 
The data also showed that combination therapy with carbon 
ion irradiation and alpha-galactosylceramide-pulsed 
dendritic cells significantly reduces the incidence of lung 
metastases in mice, in comparison with the respective 
monotherapies. The group's studies have clinical implica-
tions that could enhance the survival rate of patients after 
carbon ion radiotherapy.

② Biological research concerning the improvement of 
radiation therapy

This subject has been pursued by the Heavy-Ion 
Radiobiology Research Group (GL: R. Okayasu) consisting 
of four teams: Biophysics Team, Experimental Therapy 
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Team, Cellular and Molecular Biology Team, and Radia-
tion Modifier Team. 

 The group has successfully completed the three 
mid-term plans set for the past five years. Two main 
goals of this group have been to biologically validate 
the ongoing carbon ion treatment and to suggest further 
effective radiotherapy protocols by studying cells and 
animals with heavy ions and conventional X-rays and 
gamma-rays. Studies included radiation modifiers such 
as radio-sensitizers and radio-protectors. Indirect effects 
of radiation and oxygen effects have also been studied. 
The mid-term plans were investigated by four teams: 
Biophysics Team; Experimental Therapy Team; Cellular 
and Molecular Biology Team; and Radiation Modifier 
Team. The group’s extensive efforts and world-wide col-
laborations resulted in 147 peer-reviewed publications and 
23 external awards in the last 5 years. 

To estimate relative biological effectiveness (RBE) for 
unknown ion beams at a defined linear energy transfer 
(LET), an experimental fitting function of the LET-RBE 
relationship was proposed. Experimentally obtained 
LET-RBE spectra of survival curves for V79 cells exposed 
to various radiation sources (LET: 10-500 keV/µm) were 
applied for the study. Clear splits of the LET-RBE spectra 
were found among ion species. The parameters used were 
found to be defined as functions of atomic numbers (or 
atomic mass numbers) of the accelerated ion beams. This 
method is applicable to estimate overall RBE in therapeutic 
beams. Efforts have been made to extend these studies 
for various cell lines and other end points such as DNA 
damage and mutations.

Animal data collected by the group indicated that the 
RBE values by carbon ions at three different LET values 
15, 45, 75 keV/μm were 0.6, 1.0 and 1.4, respectively, 
when calculated at a 20% tumor formation frequency for 
irradiated mice. This suggests that carbon ion treatment 
might be safer than the conventional radiotherapy in terms 
of secondary cancer occurrence. Furthermore, it was 
found that carbon ion irradiation can curatively eradicate 
transplantable human colon cancer, which showed ra-
dioresistance to conventional X-rays, and the suppression 
of tumor-induced angiogenesis and the disruption of 
cancer stem cells were considered to be crucial molecular 
mechanisms of heavy-ion radiotherapy. 

Biological differences between X-ray and heavy-ion 
irradiations were demonstrated using assays such as 
immune staining and chromosome aberrations, focusing 
on the molecular mechanism for the early stage of DNA 
damage response at therapeutic level doses. The obtained 
data revealed that homologous recombination repair 
inhibitors can sensitize cells and tumors implanted in mice 
exposed to high LET radiation. Using HiCEP, an NIRS 

original comprehensive gene expression technique, the 
expression of ASPM (a microcephaly gene) was found to 
be significantly downregulated by ionizing radiation (IR) 
in human and murine cells. This finding will be applied 
to find a new target for radio-sensitization. 

The mechanism of “melatonin” radio-protection was 
found to be free radical scavenging by an electron transfer 
reaction. Protective effects of γ-TDMG on radiation-
induced dermatitis were investigated; however, more 
studies are necessary to reach a definitive conclusion. The 
distribution and density of hydroxyl radicals caused by IR 
was investigated. The total amount of hydroxyl radicals 
generated by carbon ion irradiation was lower than that 
by X-ray irradiation at the same dose, while the density of 
hydroxyl radicals caused by heavy ions was higher than 
that by X-rays. The redox mechanism of nitroxyl radical 
was studied. The glutathione dependent reduction of 
nitroxyl radicals depended on pH of the reaction mixture, 
and this reaction can be accelerated by other free radicals 
coexisting in the reaction mixture. Using a mouse model, 
oral administration of an herbal drug “Daikenchuto” was 
shown to reduce intestinal and/or colonal inflammation-
indexes increased after X-ray irradiation.

③ Transcriptome Research for Radiobiology
This subject has been the objective of the Transcriptome 

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

During the second mid-term plan the three teams in 
the research group have been concerned mainly with 
three issues. First, they focused on improvement of the 
HiCEP method which was developed by this group. 
HiCEP has several clear advantages compared to previous 
transcriptome analyzing procedures. The number of cells 
required for analysis is greatly reduced from 10 million 
to just 20 cells, and even an analysis using a single cell 
was quantified as approximately 5,000 transcripts (~1/4 
entire transcriptome). In addition, the group developed a 
high-throughput system for various analyses, especially 
for human molecular epidemiology. The system allows 96 
samples to be analyzed simultaneously, resulting in 15,000 
analyses per year.

Second, using an improved procedure the group 
members have developed a new method for diagnosis using 
blood. They established a system by which more than three 
entire transcriptome analyses can be conducted with 1.0 
mL of peripheral blood, and more that 20,000 transcripts 
can be detected. Not only the lymphocyte fraction but also 
the whole blood without any fractionation can be used for 
the analysis. Furthermore, it was demonstrated that some 
tumors including solid tumors could be detected using 
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only a blood sample. Tumors could be detected at very 
early stages due to the extremely high sensitivity of the 
developed diagnostic method.

Third, group members also focused on iPSCs (induced 
Pluripotent Stem Cells). Recently, it has been demonstrated 
that somatic cells can be converted into pluripotent stem 
cells by ectopic expression of four transcription regulation 
genes, Oct3/4, Sox2, Klf4 and c-Myc. Such somatic cell 
reprogramming has suggested the possibility of generating 
patient-specific pluripotent stem cells. A great potential 
for therapeutics of radiation-induced injuries is offered by 
replacing or adding tissues prepared from patient-specific 
stem cells. While elucidating the molecular mechanisms 
underlying iPSC generation is a key issue for efficient 
preparation of safe iPSCs that can be applied for various 
medial uses, it has been quite difficult due to the unique 
characteristics of generation, that is, the extremely low 
efficiency and stochastic manner in which the generation 
occurs. 

The Stem Cell Research team first succeeded in directly 
observing the emergence of iPSCs from somatic cells. They 
developed a new investigation system by improving a pre-
existing time-lapse system that allows precise investigation 
of iPSCs generation at short intervals of about 2 weeks and 
the identified the conversion process from the somatic cell 
lineage to stem cell lineage. Interestingly, it was revealed 
that the onset of the cell lineage conversion had already 
initiated within 48 hours after the gene transduction in 
most generations of iPSCs. In addition, the team found 
that c-Myc plays a crucial role in iPSCs generation via 
histone acethylation controlling. It had been considered 
previously that c-Myc transduction is non-essential for 
the generation of iPSCs, and in addition not suitable for 
subsequent medical application, because various tumors 
frequently occur in the mice developed from iPSCs by 
the reactivation of c-Myc. Team members established a 
large number of iPSC lines from the inbred mouse strain, 
C57BL/6J, to conduct a precise comparison among the 
cell lines. Analysis of 22 iPSC lines with a chimeric mice 
generation test revealed that c-Myc has positive effects on 
iPSC generation, particularly in terms of achieving their 
pluripotency. In addition, trichostatin A, a HDAC (histone 
deacethylase) inhibitor, rescues the defects of iPSCs that 
were established without c-Myc transduction. Thus new 
light has been shed on the iPSC generation mechanism.

C. Research Projects with Heavy Ions at NIRS-
HIMAC

In FY2010 135 proposals were accepted and were 
carried out at HIMAC. The beam time of 5,480 hours was 
supplied to those research projects. A total of  85 papers 
and 62 proceedings were published, and 362 papers were 

presented at various meetings. A total of 673 researchers 
participated in projects at HIMAC, including 107 foreign 
researchers for 20 international projects.
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objectIveS
Carry out clinical studies to develop therapeutic yy

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.
Study optimizing irradiation methods by disease and yy

by region, using clinical    investigations of therapies in 
which radiation is combined with drugs and surgery.
Develop a comprehensive database on treatment, clini-yy

cal course and other factors and compare and analyze  
domestic and foreign data on particle beam therapy.
Carry out the annual treatment of 500 patients to yy

maximize the therapeutic effects of charged particle 
technology and disseminate information about them. 
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.
Evaluate the therapeutic effects of treatments developed yy

by NIRS from the viewpoint of quality of life (QOL) and 
therapeutic costs. For this objective, patients’ opinions 
are collected to gauge their level of satisfaction with 
the therapy.

pRogReSS of ReSeaRch
The Particle Therapy Research Group for developing 

advanced clinical therapy with charged particles consists 
of the Clinical Trial Research Team, Clinical Database 
Research Team, and Radiation Effect Research Team. 
All the teams are performing R & D on charged particle 
therapy. Progress of research in each team is summarized 
below.

Hiroshi tsuji, M.d., ph.d.
Program Leader, Hospital

outline of Research career
Dr. Tsuji received a Ph.D. from Tsukuba University in 1996 for his study on proton radiotherapy of hepatocellular carcinoma. He has had 28 years of 
experience in clinical reseach on radiation oncology, including 15 years experience in carbon ion radiotherapy at NIRS. Since 2008, he has been group 
leader of the Particle Therapy Research Group for developing an advanced clinical therapy with charged particles.  

contact point: h_tsuji@nirs.go.jp

1) Clinical Trial Research Team 
 From June 1994 to February 2011, a total of 5887 

patients were enrolled in clinical trials using carbon ion 
beams generated by HIMAC. Carbon ion radiotherapy of 
these patients was carried out by more than 50 different 
phase I/II or phase II protocols and highly advanced medi-
cal technology. Figure 2.1 lists the number of the patients 
for each tumor site treated with carbon ion beams. 

 We treated 691 new patients in FY 2010.  Prostate, 
lung, head and neck, bone and soft tissue, and liver 
tumors are the leading five tumor types in the trials. 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 treat with other modalities. Using 
carbon ion beams, we could implement hypofractionated 
radiotherapy, with application of larger doses per fraction 
and a reduction of overall treatment times as compared 
to conventional photon radiotherapy. Since November 
2003, carbon ion radiotherapy has been approved by 
the Ministry of Health, Labor and Welfare of Japan as a 

2.1. developINg advaNced clINIcal theRapy 
wIth chaRged paRtIcleS

Fig.2.1. The number of patients treated with carbon ion beams for different 
tumor sites. 
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“Highly Advanced Medical Technology (HAMT)”. Nearly 
70 % of the patients receiving carbon ion radiotherapy were 
treated by HAMT in 2010. 

When irradiating a patient with carbon beams, the 
patient should be protected from exposure to an unwanted 
dose. A multi-leaf collimator (MLC) and patient collima-
tors are used to spatially limit the carbon beams for the sake 
of delivering high localization of the dose to a target. We 
developed a new MLC with thinner leaves and proved that 
the leakage dose of the MLC was comparable to the present 
MLC. Therefore, it is possible to use the new MLC for 
more precise field shaping without the patient collimator; 
however, it is necessary to design a new treatment control 
system prior to installing the new MLC into the beam line 
for the actual patient treatment. We have already started 
to design the new treatment control system that will be 
suitable for  the new treatment research facility.

Range compensators are also essential in the broad 
beam method. A new method for manufacturing range 
compensators, employing a punch technology, has been 
developed. The compensator is assembled by lamination. 
Each plate is 3 mm thick, the distal end shape is punched 
out from the plate, and then the shape is inspected 
automatically. The plates are stacked up at the end stage 
of the process. The laminated block is manually tightened 
with bolts. This simple process has greatly shortened the 
manufacturing time, as punching and stacking takes half 
an hour or less. Use of the range compensators made with 
this new method was started in actual treatments. 

Use of the new field localization system using a flat 
panel detector (FPD) was started in 2009. Localization 
images with the FPD have higher resolution than a 
conventional radiograph, therefore the setup procedure 
has become easier and faster than ever.

 
2) Clinical Database Research Team

In October 2006, we implemented the Electronic Medi-
cal Record (EMR) and developed a simple input method 
for each patient’s findings which include symptoms, tumor 
responses, 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, Radiology Information 
System for Radiation Therapy, and two PACSs). These 
systems are connected to each other and necessary data 
are transmitted. 

We also developed the information systems that conform 
to the Integrated Healthcare Enterprise (IHE), Enterprise 
User Authentication (EUA), and Patient Synchronized Ap-
plications (PSA) functions. These functions make it easy 
to operate multiple systems. Two PCs (EMR and PACS 

viewer) are commonly used for the Hospital Information 
System in one clinical unit. Physicians have to enter a user 
ID and password to log into these systems. The IHE, EUA 
and PSA functions ease this troublesome manipulation. We 
developed middle-ware for the EUA and PSA functions 
to reduce the implementation load among the EMR, 
PACS-viewer, report-viewer, radiation scheduling system 
and radiation information system. Because EUA and PSA 
functions are 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 
as well that the EUA and PSA functions are critical for 
visual integration.

We implemented a system to share medical data 
between hospitals and medical institutions. 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 delivery of the 
software. We implemented the document source, document 
repository, document registry, and document consumer 
that were defined by the IHE XDS. We are now designing 
and developing an interface function that communicates 
between the existing systems, such as the EMR, and the  
PACSs and IHE XDS system. We think that it is very 
important to establish a new IHE integration profile which 
will enable the Treatment Management System to receive 
and send radiotherapy orders.

We have a clinical database system which contains 
information for over 5,200 patients who have been treated 
with heavy particle radiation therapy and over 22,800 pa-
tients who have been treated with photon radiation therapy. 
We improved the processing speed and ease of operation of 
this database system. Physicians can analysis patients by 
the heavy particle radiation therapy protocol and generate 
the survival curves in a few seconds using this system. 
The clinical database can manage data concerned with the 
disease history, staging, radiation schedule, radiation dose/
days, adverse effects and follow-up information.

The current Medical Information System at the NIRS 
is shown in Fig.2.2.
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3) Radiation E ffect Research Team.
Radio-sensitivity analysis based on the TCP model has 

been applied for the analysis of toxicity on benign tissue. 
Late toxicity on the genitourinary (GU) tract which was 
observed during treatment of prostate cancer with carbon 
ions was analyzed with the model. The analysis revealed 
that the α/β value of the GU was 7.7; this was more than 
2 times larger than the literature value against photons 
(3.0). BED calculated with the α/β value for the carbon ion 
beam was 73.8, which was consistent with that for photons, 
74.7. This information will contribute to the prospective 
estimation of prescribed dose in different fractionations or 
to further dose optimization in treatment planning.

Reaction of skin is one of the most important endpoints 
to be regarded in radiotherapy; however, its analysis from 
clinical outcomes is not easy as radiation quality and dose 
given to patients significantly differs individually. From 
this viewpoint, we have investigated skin reaction through 
the reaction observed on mice. Through the fractionated 
irradiation of carbon beams to mouse leg, we found that 
the effect of a single fraction irradiation differs uniquely 
from those by multiple fractionations: the efficacy tends 
to be small for single fractions. In order to analyze the 
response, the applicability of the commonly-used LQ 
model was investigated together with the RCR (repairable 
-conditionally repairable) model and multi-target two 
components model. While the LQ model failed to express 
the decrease in response by single irradiation, RCR showed 
good agreement with the experimental observation.

In addition, we have started a fractionated cell irradia-
tion experiment with carbon ions by adjusting the time gap 
between irradiations from 0 to 120 min in order to clarify 
the initial repair of damages for better understanding of 
clinical outcomes.

Lineal energy information measured by a tissue-
equivalent proportional counter in the therapeutic 
irradiation field was found useful for estimating biological 
effectiveness of the beam at a point by processing the 
information with the Microdosimetric Kinetic Model 
(MKM). This year, we applied the method for the verifica-
tion of actual irradiation fields. In addition, MKM is being 
employed as a biological model (Fig. 2.3) for the scanning 
carbon ion therapy that was started at the new treatment 
research facility.

Field effect
For a small irradiation field, the decrease in absorbed 

dose at the center of the irradiation field by a collimator 
was almost completely compensated by the increase in 
radiation quality. The resultant isoeffective dose was 
regarded as stable.
Port characteristics

Due to the machining precision obtainable for ridge 
filters, the therapeutic beam distribution can differ port 
by port. Verification of the port dependency by MKM 
revealed a slight difference in radiation quality though 
that in the absorbed dose was negligible. However, the 
absolute difference in isoeffective dose was small and it 
was confirmed that the therapeutic beam provided in each 
port could be regarded as identical.
Oxygen effect

The MKM was applied for the estimation of cell 
survival estimation of hypoxic cells based on the response 
under the oxic condition. By adjusting the domain size 
as half that for the oxic condition, we could get a good 
estimate of the cell survival of hypoxic cells.

Fig.2.3 Estimated biological dose distribution by the MKM and measured 
biological dose with the TEPC Using the MKM method we obtained the 
following results in verification of actual irradiation fields.

Fig.2.2. Current configuration of the Medical Information System in 
NIRS.
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objectIveS
On the basis of more than ten years of experience with 

HIMAC, we have designed and constructed a new treat-
ment research facility toward “adaptive cancer therapy” 
with heavy ions, which makes the one-day treatment of 
lung cancer possible. Further, the new treatment research 
facility will accurately treat a fixed target, a moving target 
with breathing, and a target near a critical organ. For these 
purposes, a phase-controlled rescanning (PCR) method 
has been studied, especially for treating a moving target. 
A rotating gantry is employed with the PCR method 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 related R&D 
work was carried out with HIMAC from April 2006. In 
September 2010, the treatment room E, which is one of 
the treatment rooms in the new treatment research facility, 
was equipped with both the horizontal and vertical fixed 
beam delivery systems. After a beam commissioning and 
pre-clinical study, the clinical study was scheduled to 
begin on March 29, 2011. This was changed to May 2011, 
however, due to the mega earthquake that occurred on 
March 11, 2011.

pRogReSS of ReSeaRch
1) Planning of the new treatment research facility
The new treatment research facility, as shown in Fig. 

2.4, is connected with the existing HIMAC accelerator 
complex and heavy-ion beams are delivered to patients 
through the fixed irradiation port and the rotating gantry. 
In the treatment hall, placed underground in the facility, 
three treatment rooms are prepared in order to treat around 
1000 patients per year. Two of them are equipped with 
both horizontal and vertical fixed beam delivery systems, 
and the other is equipped with a rotating gantry. The 3D 
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raster-scanning method is employed in both the fixed beam 
delivery and rotating gantry systems. In order to carry out 
treatment of a moving target as well as that of a fixed target, 
the PCR method, which completes the irradiation on one 
slice during one respiration-gate opening, was proposed 
and verified through a computer simulation. The scanning 
speed should be faster than conventional scanning method 
in order to provide a tolerable treatment time, because the 
rescanning naturally takes a longer time. Thus we have 
developed the fast 3D rescanning with gating. We have 
also designed a fixed beam delivery system, a rotating 
gantry system, a treatment management system, a patient 
positioning system and a treatment planning system. 
For the rotating gantry, superconducting technology is 
introduced in order to reduce its weight and size. Based on 
the design and R&D work, both the horizontal and vertical 
beam delivery systems were installed in treatment room 
E, as shown in Fig. 2.5. The beam commissioning and 
pre-clinical study were successfully completed.

The specification of the facility is summarized at Table 
2.1. 

2.2.  MedIcal phySIcS ReSeaRch gRoup
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Table 2.1. Specifications of the new treatment facility                               
Basic parameters

Ion species   12C, 16O (11C, 15O)
Delivery beam intensity 107 – 109 pps for 12C
  Treatment room                2 fixed beam rooms (horizontal & vertical),
                                                      1 rotating gantry room 

fixed beam delivery system
   Energy   140 - 430 MeV/n
   Irradiation method  Fixed target:  3D raster scanning with pencil beam
    Moving target: PCR method
   Scanning speed  H:100mm/ms, V: 50 mm/ms
   Spot size   2 – 4 mm at 1-sigma
   Lateral-field/SOBP/Range size 22 cm in square/ 15 cm/ >25 cm at 12C 
   Irradiation-port length  9 m  
                                           

Rotating gantry system
 Type   Iso-centric rotating gantry
   Energy   140 – 400 MeV/n
   Irradiation method  Same as the fixed beam delivery system
   Scanning speed  H,100mm/ms; V, 50 mm/ms
   Spot size   2 – 4 mm at 1-sigma
   Lateral field/SOBP/range size 15cm×15cm/ 15 cm/ >25 cm for 12C 
   Displacement of iso-center < 1 mm
   Size and weight  Length, 16.5 m; radius, 7.1 m; weight, 350 ton       

Fig. 2.4. Schematic view of the HIMAC and the new treatment research facility.
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Fig. 2.5. Layout of the treatment room E.

Fig. 2.6 Physical dose distributions. (a) Depth dose and (b) lateral dose.

2) Pre-clinical study
  We have carried out the pre-clinical study for the 

clinical trial with fast 3D rescanning and the physical dose 
distribution and survival rate of HSG cells were measured. 
The physical dose distributions are shown in Fig. 2.6 (a) 
shows the depth dose distribution and (b) is the lateral dose 
distribution. The measurement results in both the depth 

and lateral dose distributions are in good agreements with 
the plans. The measured survival rate the planned survival 
rate based on the MKM (Microdosimetric Kinetic Model) 
are shown in Fig. 2.7. the good agreement verified that our 
biological effect planning method could be used in the fast 
3D scanning.
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Fig. 2.7. Planned (solid line) and measured (symbols) survival rates of 
HSG cells obtained with 3D scanning.
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objectIveS
Develop software to create integrated clinical im-yy

ages, determine early therapeutic effects and analyze 
prognostic factors using a combination of multiple 
diagnostic imaging techniques.
Improve treatment plans by using integrated images yy

obtained from advanced dynamic imaging devices such 
as 4-dimensional CT.
Carry out R & D on indicators of quality standards and yy

methods for quality control and assurance of particle 
beam and photon beam therapies and of diagnosis using 
radiation.
Advance and standardize therapeutic and diagnostic yy

methods based on investigation of medical radiation 
exposure in Japan.

pRogReSS of ReSeaRch
The Diagnosis and Treatment Advancement Research 

Group for standardization and improvement of therapeutic 
and diagnostic techniques consists of the Image Diagnosis 
Research Team, the Image Processing Research Team, 
the Quality Control Research Team and the Radiological 
Protection Research Team, and it performs research into 
the advancement and standardization of radiation  therapy 
and diagnostic methods. The progress of research in each 
team is summarized below.

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 and tissue metabolic indica-
tors leading to treatment effects especially of carbon ion 
radiotherapy (CIRT).

Cu-62-ATSMis a well-known hypoxic imaging PET 
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tracer. We performed a preliminary investigation of Cu-
62-ATSM tumor hypoxia PET/CT imaging in comparison 
with FDG PET/CT for pancreas cancer. The purpose of 
this study was to delineate the differences in intratumoral 
uptake and the tracer distribution of Cu-62-ATSM and F-18 
FDG in patients with pancreatic cancer. Two males and two 
females (mean age, 62.5 y; range 52-69 y) with pancreatic 
cancer underwent both Cu-62-ATSM and FDG PET/CT 
before the CIRT initiation, and a set of PET/CT studies was 
done one month after CIRT termination. Tumor uptake 
of each tracer was analyzed semi-quantitatively by the 
tumor to normal tissue ratio (TNR) for Cu-62-ATSM and 
by the standardized absorption value (SUV) for FDG. 
The Cu-62-ATSM uptake did not correlate with FDG 
uptake before CIRT, but it inversely correlated with FDG 
after CIRT because FDG uptake tended to decrease in all 
cases. Correlation coefficients of tumor uptake between 
Cu-62-ATSM and FDG before and after CIRT were 0.022 
and -0.965, respectively. In three out of four patients, before 
CIRT they had high Cu-62-ATSM uptake that might reflect 
the tendency to be hypoxic. After CIRT, one patient showed 
an increase of Cu-62-ATSM uptake, but FDG uptake of the 
same patient did not increase and was almost stable. This 
might indicate that the change of Cu-62-ATSM uptake did 
not necessarily correspond to the change of FDG uptake 
after radiotherapy. Only one patient died after CIRT, and 
his Cu-62-ATSM and FDG uptakes before therapy were 
not the highest among the four patients, but both these 
intakes were relatively high. In conclusion, Cu-62-ATSM 
and FDG did not correlate with each other before CIRT 
in pancreatic cancer patients. After CIRT,  the change of 
Cu-62-ATSM uptake did not necessarily correspond to the 
change of FDG uptake. Cu-62-ATSM and FDG uptakes 
of the patient who died after CIRT were not the highest 
uptakes, but they were relatively high.

2.3. StaNdaRdIzatIoN aNd IMpRoveMeNt of 
theRapeutIc aNd dIagNoStIc techNIqueS
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Studies using C-11 methionine with PET have 
been under taken. We performed a study about the 
diagnostic performance of MET-PET/CT with respect 
to cervical lymph node metastasis which was a study on 
the diagnostic accuracy for each primary cancer tissue in 
the head and neck region. In particular, we looked at the 
issue of whether or not there are differences in diagnostic 
performance depending on the tissue type of the primary 
lesion. In this study, 49 patients were selected as subjects: 
they had cancers in the head and neck regions and had 
undergone MET-PET/CT scans in which one or more 
nodular accumulations were observed in the cervical 
region. Regarding the diagnosis of cervical lymph node 
metastasis, pathological diagnoses had been verified or 
clinical comprehensive evaluations had been provided in 
all 49 cases involving 67 sites. There were 14 malignant 
melanoma (MM), 12 squamous cell carcinoma (SCC), 8 
adenoid cystic carcinoma (ACC), and 15 cases of other 
types. In the study of all 67 sites, the diagnostic accuracies 
were 60 % for the sensitivity, 69% for the specificity, and 
64% for the accuracy. In addition, the diagnostic accuracies 
by tissue type (SCC, MM, ACC) with cut-off value of 
TNR=2.7 were 56%, 100%, and 63%, respectively, for 
SCC; they were 60%, 50%, and 53%, respectively for 
mm; and they were 67%, 83%, and 78%, respectively, for 
ACC. In contrast, optimal cut-off values were calculated 
for each tissue and diagnostic accuracy per tissue type 
was recalculated. The optimal cut-off value for ACC was 
2.7 and it matched the value of all sites. The diagnostic 
accuracies were 75%, 100%, and 79%, respectively for 
SCC with a cut-off value of TNR=2.1, and for MM with 
a cut-off value of TNR=5.1, they were 40%, 100%, and 
82%, respectively. Improvement was observed in the rates 
of accurate diagnosis in the two tissues. We concluded 
that, in the primary cancer in the head and neck regions, 
the diagnostic accuracy of cervical lymph node metastasis 
with MET-PET/CT was better than the diagnostic accuracy 
reported with FDG-PET., Assessment using a cut off value 
for each tissue type was particularly useful.

 2) Image Processing Research Team
We have two main themes: fusion  imaging between 

multi-modalities; and analysis of respiratory movement 
of viscera using 4D imaging.
(a) Fusion imaging between multi-modalities

Modalities, such as CT, MRI, PET, ECHO, etc., have 
their individual characteristics. Malignant tumors are 
comprehensively diagnosed taking the characteristics 
into consideration. We tried to fuse imaging between 
multi-modalities by using an image processing tool so 
that we can more precisely diagnose the tumor extent, the 
tumor character, differentiation from inflammation, and 

metastases. 
We have studied fusion imaging between CT and MRI. 

Although in the neck and pelvic area, fusion was completed 
using linear image processing, fusion was incomplete in 
upper abdominal and lung area because of the respira-
tory movements. Previously, although we used non-linear 
processing for solution of the image gap due to respiratory 
movements, we were not satisfied with the results. In FY 
2010, we changed the sequence of examination and we 
obtained new results.

Using Modality 1.5T MRI (Philips), 16-row MDCT 
(Siemens), and the Image Processing Workstation (Fuji), 
we carried out fusion imaging for 33 patients having a 
tumor in the upper abdomen which were scheduled for 
heavy-ion therapy. 

We obtained useful results by fusion of the MRI 
diffusion and contrast enhanced CT images in the 
upper abdominal tumors. We used fusion imaging for 
the differentiation between benign and malignant lesions 
and diagnosed the tumor extent more precisely. After 
completing the fusion imaging, small metastatic nodules 
were clearly seen (Figs.2.8 and 2.9). 

Fig.2.8. Pancreas carcinoma. Fusion image of enhanced CT and MRI 
diffusion. clearly shows tumor extent.

Fig.2.9. Pancreas carcinoma. Fusion image of enhanced CT and MRI 
diffusion shows small metastasis in the  liver.
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(b) Analysis of respiratory movements of target organ for 
heavy particle therapy
Recent improvements in radiotherapy techniques have 

ensured doses given to the tumor are more accurate. 
Intra- and inter-fractional changes, however, remain as 
a fundamental problem in the abdominal area treatment. 
Normal tissues and tumor positions change as a function 
of respiration; as a result, this can lead to tumor movement 
in and out of the treatment beam field. An understanding 
of the motion characteristics in radiotherapy planning is 
useful in determining the internal margin and optimizing 
beam parameters (beam angle etc.), because the degrada-
tion of image quality due to respiratory motion affects 
radiotherapy planning and delivery of the treatment 
beam.

A charged particle beam can provide complicated 
dose distributions; however, it is very sensitive to intra-
fractional motion. We evaluated organ motion using 4DCT 
due to intra-fractional motion.

We quantified lung, liver and pancreas tumor movements 
due to respiration using 256 multi-slice CT (256MSCT). 
The 4DCT acquisition was done immediately after CT 
simulation to keep the same situation as in the treatment. 
Each patient reclined on the CT couch and the position 
was kept by using a low-temperature thermoplastic 
immobilization device (Shellfitter; Kuraray Co., Ltd., 
Osaka, Japan). The respiratory signal was acquired by a 
respiratory sensing system (Toyonaka Kenkyoujo, Osaka, 
Japan) and an infrared-emitting light marker was put on the 
abdomen except when in the beam fields. Slice collimation 
was 1.0 mm and rotation time was 0.5s/rotation. Scan time 
was set to cover a single respiratory cycle (but limited to 
less than 6 s). CT image reconstruction was done with a 

voxel size of 0.78 mm x 0.78 mm x 1.0 mm. 4DCT data were 
equally subdivided into 10 phases (T0: peak-inhalation, 
T30: mid-exhalation, T50: peak-exhalation) based on 
the respiratory signal amplitude. Gross tumor volume 
(GTV) was manually contoured by a certified radiation 
oncologist. GTV contours at other phases were calculated 
by deformable registration, following which the oncologist 
checked the contour curves at each phase. Center of mass 
(COM) was calculated by using the GTV contours. In the 
lung region, we examined the GTV-COM and the results 
showed that immobilization decreased the mean range 
of displacement by 0.4 mm, 1.6 mm, and 2.4 mm in the 
respective directions compared with our previous study 
based on 4DCT data obtained without immobilization. 
The quantitative evaluation of lung tumor motion using an 
immobilization device is useful in particle beam therapy as 
well as external photon beam therapy, where tumor motion 
significantly affects dose distribution. In the pancreas 
region, respiratory-induced organ motion was observed 
mainly on the anterior abdominal side rather than on the 
posterior side. Average GTV-COM (ungated/gated phases) 
were 0.7 mm/0.2 mm in both the left and right directions, 
and 2.5 mm/0.9 mm in the anterior, 0.1 mm/0 mm in the 
posterior, and 8.9 mm/2.6 mm in the inferior directions. 
Average pancreas COM displacement relative to that at 
peak exhalation was mainly in the inferior direction, at 
9.6 mm in the ungated phase and 2.3 mm in the gated 
phase (Fig.2.10).

In the liver region, large organ motion was observed in 
inferior and anterior directions. We compared the GTV-
COM displacements due to the treatment position (supine 
or prone). The result showed the difference of movement 
in the left-right directions.

 

Fig.2.10. 3D-visualized pancreas and the magnitude of geometrical variation from peak exhalation as a function of respiratory phase. (a) T0: peak-inhalation. 
(b) T20: mid-inhalation. (c) T50: peak-exhalation.
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3) Quality Control Research Team
The importance of quality control in radiotherapy 

has been increasingly recognized as the techniques have 
become more complex. The Quality Control Research 
Team tries to meet the expectations for safe and reliable 
radiotherapy mainly through dosimetric research. NIRS 
has been the Secondary Standard Dosimetry Laboratory 
(SSDL) for radiotherapy in Japan. The NIRS standard 
ionization chambers have been calibrated in terms of 
60Co exposure by the National Metrology Institute of 
Japan. More than 700 therapy-level dosimeters from 
hospitals were calibrated with the NIRS 60Co standard 
field in FY 2010. The team has established the standard 
field of absorbed dose to water and made a dosimetry 
intercomparison with International Atomic Energy Agency 
(IAEA). To improve the quality of radiotherapy in Japan, 
the team has developed the dosimetry audit system using 
radiophotoluminescent glass dosimeters (RGDs). The 
regular dosimetry audit service for radiotherapy facilities 
with a commercial base has been successfully managed by 
the Association for Nuclear Technology in Medicine, in 
collaboration with the National Cancer Center and NIRS. 
However, the audits were limited to the reference irradia-
tion condition. The team measured the RGD response for 
non-reference conditions and succeeded in expanding the 
audit application to large and small field beams and wedged 
beams. The audit service for non-reference irradiation 
conditions was initiated in April 2010. In addition, the 
team has carried out studies with regard to dosimetry 
for hadron therapy. The team conducted the dosimetric 
commissioning for the new scanning beam irradiation 
facility in cooperation with the HIMAC accelerator group. 
The technical document for QC in the scanning beam 
irradiation technique has been prepared. These research 
activities are expected to contribute to smooth operations 
in other radiotherapy facilities as well as in NIRS. The 
Quality Control Research Team also contributes to the 
field of radiotherapy internationally in cooperation with 
organizations such as the Forum for Nuclear Cooperation in 
Asia (FNCA), IAEA, World Health Organization (WHO), 
International Organization for Standardization (ISO), and 
International Electrotechnical Commission (IEC).

4) Radiological Protection Research Team
We performed a nationwide survey on medical radiation 

use, estimated exposure doses and risks, and studied radia-
tion protection of particle radiotherapy. Radiation uses in 
radiotherapies were surveyed by sending questionnaires 
on the frequencies and exposure conditions to 809 medical 
facilities. The data were collected and analyzed. As a study 
on dose and risk estimations, radiation doses for pediatric 
patients in X-ray CT examinations were measured by using 

an anthropomorphic phantom of a one-year-old infant and 
placing radiophotoluminescense glass dosimeters under 
the head, chest, and abdomen-pelvis regions; the cardiac 
CT scan conditions routinely used at two medical facilities 
were employed for the measurements. The doses varied 
with the differences in the types of CT scanners and scan 
parameters used at the two medical facilities. The organ 
dose measurements of an anthropomorphic phantom of 
a baby under the age of one have also been started for 
comparison between different body sizes. Undesired doses 
outside of the target volume in carbon ion and proton 
radiotherapies were assessed by measurements with a 
tissue equivalent proportional counter and water phantoms. 
In addition, Monte Carlo simulations of neutrons produced 
in carbon ion radiotherapy have been verified by compar-
ing with measurements. The successful simulations of 
the neutrons will lead to an accurate assessment of the 
organ doses in the non-target volume during carbon ion 
radiotherapy.
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objectIveS
The RadGenomics Research Group consists of three 

teams: the Genetic Information Team, the Molecular 
Radio-oncology Team, and the Molecular Biostatistics 
Team. These teams use different approaches to address 
the overall research aims of the research group. 

There is an ongoing need for improved efficiency of 
radiotherapy and the group has focused on investigating 
the genetic characteristics of cancer patients as well as the 
tumors. Important research objectives of the group have 
been the improvement of tumor therapy and the reduction in 
adverse reactions by modification of therapeutic conditions 
for individual patients. The main research achievements 
of the group in the second 5-year Mid-Term Plan have 
been the characterization of radio-resistant tumors, the 
identification of genetic variants associated with adverse 
reactions after radiotherapy, and the development of a new 
antimetastatic approach for local combination therapy 
using carbon ion radiotherapy and immunotherapy. 

pRogReSS of ReSeaRch
1) Study population

Between October 2001 and March 2011, 2,818 patients 
were registered including 775 breast cancer patients, 436 
cervical cancer patients, 925 prostate cancer patients, and 
324 head and neck cancer patients.  Normal tissue reactions 
until the third 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/ 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.  
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Patients were divided into two groups (radio-sensitive and 
radio-resistant) according to the grades determined by the 
above scoring systems.

2) Radiotherapy-responsive markers expressed in cervical 
tumors
To refine treatment strategies and thereby improve 

the clinical outcomes, it is essential to use markers that 
will help assess the outcome of a treatment method. The 
currently available markers are insufficient to differentiate 
between patients who require further therapy and those 
who require only standard-of-care treatment. Therefore, it 
is necessary to identify additional markers that will help 
evaluate the treatment outcome.

First, we identified specific radiotherapy-responsive 
genes including FGF2, CD44, CDKN1A and BAX using 
comprehensive microarray techniques by analyzing the 
gene expression profiles of sequential biopsy samples 
from cervical cancer patients during fractionated chemo/
radiotherapy. Then, we confirmed that FGF2 expression in 
tumor (FGF2-T) was significantly higher in midtreatment 
samples (P = 0.0002), and a high ratio of midtreatment/
pretreatment FGF2-T was related significantly to a better 
prognosis (P = 0.025, n = 82). These results suggest that 
FGF2 expression may be a useful marker to monitor the 
effectiveness of radiotherapy for cervical cancer, which 
would improve patient selection for molecular targeted 
therapies, such as the use of cytokine inhibitors, following 
standard-of-care treatment.

3) Genetic factors associated with a risk of adverse 
reactions to radiotherapy
In the second mid-term plan, mainly three studies have 

been performed: (i) searching for single nucleotide poly-
morphisms (SNPs) associated with a risk of late urinary 
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morbidity after carbon ion radiotherapy in prostate cancer 
patients; (ii) searching for haplotypes, i.e., combinations of 
SNPs on the same chromosome, associated with adverse 
reactions in the gastrointestinal tract of cervical cancer 
patients who had been treated with pelvic radiotherapy; 
and (iii) searching for microsatellite markers associated 
with acute adverse reactions following radiotherapy.  

In the first study, the "area under curve-receiver operator 
characteristic" (AUC-ROC) curve analysis was applied to 
identify the effective combination of SNPs associated with 
urinary morbidity in prostate cancer patients. When the 
SNP markers in the SART1, ID3, EPDR1, PAH, and XRCC6 
genes were subjected to AUC-ROC curve analysis, values 
of the obtained AUC-ROC curves were 0.86 in the training 
set and 0.77 in the test set, respectively. The SNPs in these 
five genes were defined as "risk genotypes." Approximately 
90% of patients in the case group (Grade 1 or greater) had 
three or more risk genotypes.

The second study revealed two of three haplotypes were 
associated with an increased risk of early gastrointestinal 
reaction (EAR). The first haplotype, comprised of  four 
SNPs, rs183460C, rs228589T, rs189037A, and rs625120G, 
is located between the 5’ ends of NPAT and ATM (OR = 
1.86; 95% CI, 1.21-2.87), while the second is located in the 
AURKA gene and is comprised of two SNPs, rs2273535A 
and rs1047972G (OR = 1.75; 95% CI, 1.10-2.78). The third 
haplotype, with two SNPs, rs2273535T and rs1047972A, 
and located in AURKA, was associated with a reduced 
EAR risk (OR = 0.42; 95% CI, 0.20-0.89). The risk of 
EAR was significantly higher among patients with both 
increased-risk diplotypes compared to those possessing 
the other diplotypes (OR = 3.24; 95% CI, 1.52-6.92). 
Therefore, individual radio-sensitivity of the intestine 
can be determined by haplotypes in the NPAT-ATM and 
AURKA genes.

In the last study, a total of 360 cancer patients treated 
with radiotherapy were analyzed. Pooled patients’ DNA 
was screened using 23,244 microsatellite markers, which 
cover the whole human genome. Two-rounded screenings 
and the following individual typing data showed 47 
autosomal markers with a false discovery rate < 0.05. One 
of these markers is within the proximal promoter region of 
the SEMA3A gene. Knockdown of this gene expression in a 
normal human skin fibroblast caused a significant change 
in the radio-sensitivity of these cells.

These studies suggest that stratification of the cancer 
patients is expected based on their genetic background 
association with radio-sensitivity.

4) Combining carbon ion radiotherapy and local injection 
of alpha-galactosylceramide-pulsed dendric cells
Distant metastases after local treatment remain a major 

challenge to overcome for improvement of long-term 
survival. We, first, studied in vivo biological effects 
induced by carbon ion irradiation using comprehensive 
expression analysis.  The gene expression data showed 
that irradiation with a carbon ion beam upregulates more 
membrane-associated immunogenic molecules in murine 
tumors than gamma-ray irradiation. We also investigated 
the effects of irradiation on distant metastases using the 
murine model. Furthermore, we observed that surgical 
resection of the primary tumor after local tumor irradiation 
significantly decreased distant metastases whereas surgical 
resection without irradiation showed no inhibitory effect 
on the distant metastases. These results led us to hypoth-
esize that local carbon ion radiotherapy has a potentially 
high curative effect, even for distant metastases, when 
combined with systemic immunotherapy. 

Tumors of mouse squamous cell carcinoma (NR-S1) 
cells inoculated in the legs of C3H/HeSlc mice were locally 
irradiated with a single 6-Gy dose of carbon ions (290 
MeV/nucleon, 6-cm spread-out Bragg peak). Thirty-six 
hours after irradiation, alpha-galactosylceramide-pulsed 
dendric cells (α-GalCer-pulsed DC) were injected into the 
leg tumor. The data showed that the combination therapy 
with carbon ion irradiation and α-GalCer-pulsed DCs 
significantly reduces the incidence of lung metastases in 
mice, as compared with the respective monotherapies. 
Increased concentration of intracellular adhesion molecule 
1 (ICAM-1), which activates DCs, was observed 6 h to 
36 h after irradiation in the local tumors of the carbon 
ion-irradiated group. The expression of S100A8 in lung 
tissue, a marker of the lung pre-metastatic phase, was 
decreased only in the group with a combination of carbon 
ions and DCs. These data suggest that this combination 
therapy has clinical implications for enhancing patient 
survival after carbon ion radiotherapy.
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objectIveS
There are three mid-term plans for the Heavy Ion 

Radiobiology Research Group. Plan 1 has one goal: to 
provide biological experimental data for analyzing clinical 
data with regard to tumor control ratio and normal tissue 
responses for various radiation therapy protocols. Plan 2 
has two goals: to estimate the risk and benefit ratio between 
tumor cell killing and normal tissue sparing by theoretical 
calculations based on patients’ dose distributions as well 
as experimental data on cell and animal studies; and to 
propose a more efficient radiation therapy regimen by 
comparing heavy ion radiotherapy and other radiotherapy 
protocols such as use of X-rays. Plan 3 has four goals: to 
explore radio-sensitizers and protectors which can be used 
with heavy ion radiotherapy; to elucidate the mechanism 
of effective heavy ion treatment for hypoxic tumor cells 
which show strong resistance to radiation; to study the 
indirect (bystander) effects of radiation which occur in 
non-irradiated cells adjacent to irradiated cells; and to 
integrate the proposals of Plan 2 to improve radiation 
therapy and accumulate biological data resources for a 
new cancer therapy.

These objectives are studied by four teams: Biophys-
ics Team; Experimental Therapy Team; Cellular and 
Molecular Biology Team; and Radiation Modifier Team. 
Each team has different objectives, however, cooperation 
among four teams is sought in order to accomplish the 
goals of the research group.  

pRogReSS of ReSeaRch
1) Biophysics Team and Experimental Therapy Team

Our cell survival data showed the obvious dependence of 
RBE on photon energy. The RBE value for 200 kV X-rays 
was approximately 10% greater than those for high-energy 
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photons such as produced by a linac. Energy distributions 
of photons are altered by target geometry because of 
scatterings. To evaluate the increase in RBE, the method 
of deriving RBE using the MKM (Microdosimetric Kinetic 
Model) was proposed. The MKM has two parameters: 
tissue-specific parameters and the dose-mean lineal energy 
derived from the lineal energy (y) distributions. The y 
distributions with the same geometries of cell irradiations 
with 200 kV X-rays, 60Co gamma-rays or 6 MV X-rays 
could be obtained with the TEPC and GEANT4 code; 
the averaged y values were 4.51, 2.34 or 2.36 keV/μm, 
respectively. The tissue-specific parameters in the MKM 
were determined. The RBE of photon beams in arbitrary 
conditions can be derived from the measurements only or 
from the calculations only of the dose-averaged y. 

We also studied a method to calculate the RBE in 
mixed radiation fields of therapeutic ion beams based 
on the modified MKM. In addition, we showed the 
procedure for integrating the modified MKM into a 
treatment planning system (TPS) for scanning carbon 
beams. With this procedure, the model is fully integrated 
into our research version of the TPS. To account for the 
change in the sensitivity of cells, we measured MKM 
parameters from survival curves of the cells and used the 
parameter in biological optimization. Irradiation of HSG 
cells was performed with a scanning carbon beam, and 
the measured depth-survival distribution was compared 
with the modified MKM-predicted survival curve. Good 
agreement between the two curves proves that the proposed 
method is a good candidate for calculating the biological 
effects in treatment planning for ion irradiation.

The effect of carbon ion beams on metastatic potential 
of melanoma in vitro and in vivo was investigated. Carbon 
ions showed higher cytotoxic effects on B16/BL6 cells 
in vitro as compared with X-rays. Both migration and 

2.5.  bIologIcal ReSeaRch coNceRNINg
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invasion potential of cells were enhanced by photon beams 
at low dose points, but they were suppressed by carbon ions 
at all dose points tested. The RBE values obtained from 
a migration and invasion test on cells in vivo were higher 
than that from cell killing. Carbon ions were more effective 
in reducing lung metastasis than photon beams. These 
studies suggest that carbon ions significantly inhibit the 
metastatic process much more than low-LET photons.

Another critical study was related to the control of 
cancer stem-like cells by heavy ions. Using a mouse tumor 
model, we found that high LET carbon ion irradiation was 
able to control stem cell markers more effectively than 
X-irradiation. This kind of study may help explain the 
successful clinical outcome of heavy ion treatment.

2) Cellular and Molecular Biology Team 
Chordoma is one of the tumors most successfully treated 

by carbon ion particle therapy. Last year, we developed a 
useful chordoma cell line, U-CH1-N out of the only one 
chordoma cell line available in the world, and determined 
its radio-sensitivity and chemo-sensitivity. Our data 
provide the first chronological cell survival information 
using the cells of chordoma origin and also help explain 
the successful chordoma treatment by heavy ions.

Using HiCEP, a novel comprehensive gene expression 
technique, we searched for various transcripts which 
respond to X-rays and carbon ions. A group of early 
responsive IR-induced genes (ATF3, BTG2, TP53INP1) 
remained activated for a longer period in human cells 
irradiated with carbon ions when compared with X-rays, 
suggesting that heavy ion particles could generate certain 
types of DNA lesions which need a longer time to be 
processed. In the course of screening studies, we found 
that the expression of ASPM, a microcephaly gene was 
significantly downregulated by IR in human and murine 
cells. Furthermore, ASPM siRNA significantly increased 
the radio-sensitivity of several tumor cell lines. Additional 
studies have indicated that the enhanced radio-sensitivity 
was due to less efficient repair of DNA double-strand 
breaks involving non-homologous end joining systems. 

We have generated a mouse model whose Aspm 
orthologous gene (calbpm1) was conditionally disrupted. 
Aspm null deficient mice show “microcephaly (small 
head)” and additional defects in the development of gonads. 
As for clinical applications, ASPM could be a novel target 
for combination therapy with radiation as well as a useful 
biomarker for tumor prognosis.

.
3) Radiation Modifier Team

The reaction mechanism of a radio-protective bio-
factor, melatonin, was studied. The results showed that 
melatonin eliminated free radicals by an electron transfer 

reaction. Protective effects of γ-TDMG on radiation-
induced dermatitis were investigated, however, significant 
protective effects could not be established from our limited 
experiments and this study is continuing. 

Distribution and density of hydroxyl radicals caused by 
ionizing radiation were investigated. The total amount of 
hydroxyl radicals generated by carbon ions was lower than 
that by X-ray irradiation at the same dose, while the density 
of hydroxyl radicals caused by carbon beams was higher 
than that by X-rays. The redox mechanism of the nitroxyl 
radical was investigated. The glutathione-dependent 
reduction of nitroxyl radicals depends on pH of the reaction 
mixture, and this reaction can be accelerated by another 
kind of free radicals coexisting in the reaction mixture. 

In order to find a potential clinical radio-protector, the 
radio-protective effect of the herbal drug “Daikenchuto” 
was tested. When administered orally (2% concentration 
in a mouse diet), Daikenchuto reduced some intestinal and/
or colonal inflammation indexes which were increased by 
X-ray irradiation to the mouse abdomen. 
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objectIveS
The Transcriptome Research Group consists of three 

teams: Stem Cell Research Team, Model Organism 
Research Team and Gene Expression Profiling Team. 
Their objectives have been: 1) developing a new method 
of transcriptome analysis (HiCEP) especially for medical 
uses and stem cell biology; 2) developing an application 
of the HiCEP method for diagnosis using blood; and 3) 
understanding the mechanism controlling stem cells

pRogReSS of ReSeaRch
1) Gene Expression Profiling Team

This team has developed an ideal transcriptome analysis 
procedure called High coverage gene expression profiling 
(HiCEP) that is based on a different principle than that 
of hybridization-based methods such as micro-array 
analysis. 

The HiCEP method was improved to allow analysis 
using even a small amount of starting materials. When 
development of the method was first started, approximately 
1 μg of poly(A) RNA was needed for the analysis; however, 
currently the standard analysis requires only 0.1 μg of total 
RNA that is ~1/1,000 of the amount needed at the begin-
ning of the development. Furthermore, a new protocol 
was developed allowing HiCEP analysis to be conducted 
using less than 100 pg of total RNA, corresponding to 
less than 10 cells. 

Meanwhile, the team has developed a high throughput 
machine for the HiCEP reaction that can carry out analysis 
of more than 15,000 samples per year. This machine, 
called HiCEPer, was marketed by a collaborative company 
this year. A precision PCR (polymerase chain reaction) 
machine, in which the temperature difference among 96 
wells in a sample plate can be controlled to less than 0.2 
degree, was also developed and marketed; this is a valuable 
device as the HiCEP reaction requires an extremely high 
level of temperature control.  In addition, a HiCEP reac-
tion kit was developed that requires just 1 μg of starting 
materials, and it allows persons even without expertise in 
molecular biology to perform HiCEP analysis easily.

Using these new measures based on HiCEP technology, 
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the team developed a good application for blood analysis. 
With only 1 mL of blood, more than three analyses of the 
entire transcriptome can be conducted. This application 
allows analysis using peripheral whole blood to be car-
ried out; no fractionation steps are needed beforehand. 
Furthermore, importantly, the application demonstrated 
the possibility to detect any type of solid tumors using 
only peripheral blood with high sensitivity. 

2) Stem Cell Research Team and Model Organism 
Research Team
    This team has focused on pluripotent stem cells with 

the final research goal being to understand the effects of 
radiation at an individual level not at a cellular level. 

Recently, it has been demonstrated that somatic cells can 
be converted into pluripotent stem cells by ectopic expres-
sion of four genes, Oct3/4, Klf4, Sox2 and c-Myc, which 
are designated as induced pluripotent stem (iPS) cells. The 
objective of this program is to understand the molecular 
mechanism of the conversion from somatic cells to stem 
cells. However, this is a hard objective to meet, because 
these cells emerge at a low frequency, about 0.1% in the 
case of fibroblasts, and in a stochastic manner. Therefore, 
the team attempted to directly observe the emergence of 
iPS cells from somatic cells. A new investigation system 
was developed by improving an existing time-lapse system 
that allows precise investigation of iPS generation at 
short intervals of about 2 weeks that are needed for iPS 
cells generation from mouse fibroblasts. With the system, 
directly observation of the conversion process of a somatic 
cell into stem cell was successfully made (Fig.2.11). These 
results provide a critical new insight during the first three 
days of the iPS cell generation. 

In addition, the team made another contribution to 
the iPS field, the first successful generation of genome 
integration-free iPS cells without oncogene, c-Myc, 
transduction using an inbred mouse strain (C57BL/6). This 
inbred mouse-derived iPS cell line library is unique and 
enables a precise comparison to be made among iPS cells. 
Some cell lines in the library were utilized for examining 
the immunogenicity of iPS cells and their progenitor 
cells. The team also was the first to demonstrate a clear 
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difference between iPSCs generated with Oct3/4, Sox2, 
Klf4 and c-Myc, and iPSCs with three factors excluding 
c-Myc. A crucial role of c-Myc for iPS cell generation was 
revealed. The results are quite important, because it had 
been considered that c-Myc is not essential for iPS cell 
generation and in addition reactivation of oncogene c-Myc 
frequently occurs in the mice developed from iPSs and 
causes various tumors in them. Finally, the role of c-Myc 
in iPS cell generation was demonstrated to be involved in 
the histone acethylation regulation mechanism. 

 

 

 
 

 

to iPS cells to death

Fig.3.11 Emergence of induced pluripotent stem (iPS) cells 

from fibroblasts. 

Fig.2.11 Emergence of induced pluripotent stem (iPS) cells from fibroblasts.
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